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EXECUTI VE SUMVARY

This report summarizes results of research activities
conducted in 1999 and years previous. In an effort to provide
this information to a wi der audience, the individual chapters in
this report have been submtted as nmanuscripts to peer-reviewed
journals. These chapters comunicate significant findings that
will aid in the managenent and recovery of fall chinook sal non
in the Colunbia River Basin.

Abundance and timng of seaward migration of Snake River
fall chinook sal non was i ndexed using passage data col |l ected at
Lower Granite Damfor five years. W used genetic analyses to
determ ne the |ineage of fish recaptured at Lower G anite Dam
that had been previously PIT tagged. W then used discrim nant
analysis to determ ne run nenbership of PIT-tagged snolts that
were not recaptured to enable us to cal culate annual run
conposition and to conpared early life history attributes of
wi | d subyearling fall and spring chinook sal non. Because spring
chi nook sal non made up from 15.1 to 44.4% of the tagged
subyearling snolts that were detected passing Lower G anite Dam
subyearling passage data at Lower Granite Dam can only be used
to index fall chinook sal non snolt abundance and passage tim ng
if genetic sanples are taken to identify run nenbership of
snolts. Oherwi se, fall chinook sal non snolt abundance woul d be
overestimated and timng of fall chinook sal non snblt passage
woul d appear to be earlier and nore protracted than is the case.

In previous work, we denonstrated that subyearling spring
chi nook sal non can make up a significant portion of the
presumably fall chinook sal non popul ation mgrating past Lower
Ganite Dam W exam ned growh data to determne if growh
opportunity could be used to explain this life history strategy.
By June, wld subyearling spring chinook sal non rearing al ong
the shorelines of the Snake River had grown to nean fork | engths
ranging from78.4 to 87.2 mm W also found that rapid growth
(range 1.0 to 1.5 mmid) continued as wild spring chinook sal non
began seaward m gration as subyearlings. W conclude that rapid
grow h pronoted by the rearing environnent plays an inportant
role in determning age at seaward mgration for wild spring
chi nook sal non, and that rapid growth contributed to earlier
than nornmal seaward migration by the wild subyearling spring
chi nook sal non we studi ed.

The effects of dans on the growh and |ife history

attributes of Snake River juvenile fall chinook sal non are
explored in the third chapter. Dans have bl ocked passage to the



hi stori c spawni ng areas, confined spawning to relatively cool -
wat er areas, altered the water tenperature regi nes of these
areas, and inpounded the downstream mi gration route of snolts.
Danms ultinmately reduce the production potential of the Snake

Ri ver basin for fall chinook sal non by extending the freshwater
life cycle into |late summer when conditions for snoltification
and survival are poor.

We used hydrodynam c nodeling and a G S-based analysis to
quantify the anount of juvenile fall chinook sal non rearing
habitat and entrapnent area in a 33-km section of the Hanford
Reach. Most of the shoreline habitats in the Hanford Reach were
suitable for juvenile fall chinook sal non, although the anount
of available area generally decreased as flows increased. The
area of entrapnent pools created by fl ow decreases was greatly
reduced at flows exceeding 4,531 nm¥/s, but the highest net gain
in entrapnent area was during 850 n¥/s decreases in flow when
river discharges were between 5,381 and 5,664 ni/s. W believe
that limting flow fluctuations at all discharges from Priest
Rapi ds Dam woul d provi de additional protection for juvenile fal
chi nook sal non beyond the neasures that are currently in place.

Habitat assessnents were made in McNary Reservoir to
specifically address juvenile fall chinook sal non use of riprap
shoreline habitat. Fall chinook sal non preferred natural
shoreline habitats but generally avoided riprap shorelines.

Ri prap avoi dance could not be linked to a specific variable but
is probably due to a conbination of substrate size, water depth,
and lateral slope. This finding has inportant inplications for
rearing fall chinook sal non since nmuch of the shorelines of

mai nstemreservoirs are lined with riprap.

Because of the potential for mgrating fall chinook sal non
to use zoopl ankton as a food resource, we exam ned the dynam cs
of the zoopl ankton population in McNary and John Day reservoirs.
The five major taxa collected were Bosmina longirostris, Daphnia
spp., cyclopoid copepods, rotifers, and cal anoi d copepods.
Tenporal differences in zoopl ankton paraneters were |argely due
to yearly differences in tenperature and di scharge. Overal
mean abundances of crustacean zoopl ankton taxa were greater in
John Day Reservoir than in McNary Reservoir. |ncreased
zoopl ankt on abundance and Daphni a spp. biomass were positively
correlated wth increased tenperature and negatively correl ated
with decreased flow. A dramatic shift in cladoceran abundance
and size in |ate August may be an indication of size selective
predation by juvenile Anmerican shad.
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| nt roducti on

Chi nook sal non (Oncor hynchus tshawytscha) are indi genous to
streans throughout the Snake River Basin. WId Snake R ver fal
chi nook sal non spawn in the mainstem Snake, |ower C earwater,
and | ower Grande Ronde rivers (Figure 1) from OCctober to early
Decenber (G oves and Chandl er 1999). Fall chinook sal non
typically have an “ocean-type” (Healey 1991) early life history.
Fry emerge fromthe gravel primarily fromApril to June, parr
rear along the shoreline of the Snake River fromApril to July,
and snolts typically mgrate seaward during summer as
subyearlings (W P. Connor, U S. Fish and Wl dlife Service,
unpubl i shed dat a).

Wl d Snake River spring/sumrer (hereafter, spring) chinook
sal non typically have a “streamtype” (Healey 1991) early life
history. Adult spring chinook sal non spawn nmainly in snal
tributaries of the Imaha, Sal non, G ande Ronde, and C earwater
rivers (Figure 1) in August through early Septenber (Howell et
al. 1984). Fry energe fromthe gravel primarily fromlate
January through early May (Howell et al. 1984). Parr typically
rear in natal tributaries until late summer or fall, mgrate
downstreamto overwinter in mainstemtributaries of the Snake
Ri ver, and begin seaward migration the follow ng spring as
yearlings (Chapman and Bjornn 1969; Bjornn 1971).

Abundance and tim ng of seaward migration of subyearling
Snake River fall chinook sal non are indexed annual ly at Lower
Granite Dam (Figure 1), which is the first damsnolts encounter
en route to the Pacific Ccean. However, not all of the
subyearling snolts are fall chinook salnon. Sone wild Snake
Ri ver spring chinook sal nbon m grate seaward as subyearlings, as
shown by Marshall et al. (2000), who found that fromb5 to 63% of
the snolts they sanpled at Lower Granite Dam from 1991 to 1995
were wi |l d subyearling spring chinook salnmon. In this paper, we
expand on the findings of Marshall et al. (2000) by providing
nore conplete estinates of the proportions of subyearling fal
and spring chinook sal non that passed Lower Granite Dam (i.e.
run conposition) in 1993, 1994, 1996, 1997, and 1998. W also
conpared several early life history attributes of wld
subyearling fall and spring chinook sal non including tine of
passage at Lower Granite Dam
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Figure 1. —Fhe Snake River Basin including several of the
subbasin tributaries where wild spring and sunmer* chi nook
sal non spawn, the beach seining area, and Lower G anite and
Littl e Goose dans where PIT-tagged snolts were recaptured. ((1)
Seining area, (2) Crooked River, (3) Red River, (4) North Fork
Sal non River, (5) Lenmhi River, (6) Pahseneroi River, (7) West
Fork Yankee Creek, (8) herd Creek, (9) East Fork Sal non River,
(10) West Fork Salnon River, (11) Upper Sal non River including:
Al turas Lake Creek, Valley Creek, Cape Horn Creek, Marsh Creek,
Bear Valley Creek, Elk Creek, Sulphur Creek, (12) Big Creek,
(13) South Fork Sal mon River*, (14) Secesh River*, (15) Lake
Creek*, (16) Immaha River*, (17) Upper G ande Ronde River, (18)
Cat herine Creek, (19) Lostine River, (20) Lower Ganite Dam (rkm
173), (21) Little Goose Dam (rkm 113)).



Met hods

We sanpl ed wild subyearling chinook salnon parr in the
Snake River fromrkm 224 to rkm 291 (Figure 1) by beach seining
as described by Connor et al. (1998) in 1993, 1994, 1996, 1997,
and 1998. W began beach seining in April and continued into
June or July until water tenperatures exceeded 20°C and the catch
was near zero. W tagged parr > 60-mmfork |length with Passive
I ntegrated Transponders (PIT tags)(Prentice et al. 1990).

Details of parr handling and taggi ng were descri bed by Connor et
al. (1998). Tagged parr were rel eased where they were captured
to resune rearing and seaward migration

A percentage of the PIT-tagged parr that survived rearing
and early seaward mgration were subsequently detected as snolts
passing Lower G anite Damin the fish bypass system as descri bed
by Connor et al. (2000). W recaptured a subsanple of the
detected snolts after they passed Lower Granite Dam by using a
di version device (Marsh et al. 1999) |ocated in the fish bypass
system of Lower Granite Dam (1993 and 1994) and Little Goose Dam
(1996 to 1998)(Figure 1). 1In 1993, 1994, 1996, and 1997, we
sanpl ed scal es, body nuscle, heart, liver and eye tissues
(Marshall et al. 2000) from each recaptured snolt. In 1998, we
took scales and a pelvic fin clip.

We used scale pattern analysis (Koo 1967) to confirmthat
each recaptured wld chinook sal non snolt was a subyearling.
The genetic lineage (i.e., fall or spring run) of each
recaptured snolt was identified using allozyne nultil ocus
genotypes with accuracy near 100% (Marshall et al. 2000) in
1993, 1994, 1996, and 1997. In 1998, the genetic |ineage of
each recaptured snmolt was identified non-lethally using the dual
primar product of a nuclear DNA marker (R Rodriguez, U S.
Geol ogi cal Survey, unpublished nmethod). Run identification
using the DNA marker is alnost 100%reliable and provided nearly
identical results when conpared to identifications fromallozyne
genotypes (A Marshall, Washington Departnent of Fish and
Wldlife and C. Rasnmussen, U. S. CGeol ogical Survey, unpublished
data) .

We recaptured PIT-tagged snolts 24-h/d from approxi mately
May t hrough Septenber. Continuous daily sanpling during these
nont hs was not possi bl e because of |ogistical constraints and
Endangered Species Act (ESA) Section 10 restrictions (USFWs
1988). W conpared detections dates of all tagged snolts to the
detection dates of the recaptured tagged snolts, and found that
early and late mgrating snolts were soneti nmes under-sanpl ed.



Therefore, we devel oped discrimnant analysis nodels to classify
run nmenbership for tagged snolts that passed Lower Ganite Dam
but were not recaptured and genetically identified.

W fit separate discrimnant analysis nodels for each year
(N =05) using life history attribute data collected on
genetically identified snolts. Variables included the date of
initial capture and taggi ng (expressed as day of year), fork
length at initial capture and tagging, rkmof initial capture
and taggi ng, and date of passage at Lower G anite Dam (expressed
as day of year). W fit test nodels using every conbination of
t hese vari abl es, and by pooling and not pooling the covariance
matri ces (Johnson 1998).

We cal cul ated both within-run and across-run classification
accuracy for each test nodel using the cross-validation nethod
(Johnson 1998). Wthin-run classification accuracy was the
nunber of correct classifications divided by the nunber of
recaptured fall or spring chinook sal non. Across-run
cl assification accuracy was equal to the wei ghted average of the
two values of within-run classification accuracy.

W selected the final discrimnant anal ysis nodel s based on
across-run classification accuracy. W ran the final nodels to
predi ct run nmenbership for every PIT-tagged subyearling chi nook
sal non detected at Lower Ganite damthat was not recaptured for
genetic analysis. W conbined fish of classified run nenbership
(i.e., by discrimnant analysis) with those genetically
identified to obtain a data set of snolts detected at Lower
Granite Dam t hroughout the sanpling period. These groups
provi ded nore conplete estimates of run conposition and
conparisons of early life history attributes than coul d be made
using only genetically identified fish.

Resul ts

W inserted PIT tags in 5,987 parr during the five years
studied (Table 1). Detections of tagged snolts at Lower Ganite
Dam ranged from 97 to 379 (Table 1). W recaptured from18.5 to
59. 6% of the tagged snolts after they were detected passing
Lower Granite Dam (Table 1). The nunbers of fall and spring
chi nook sal non that were genetically identified in each annual
sanpl e of recaptured snolts is given in the fifth colum of
Tabl e 2.



Tabl e 1.-The nunber of wild subyearling chinook sal non that
wer e sanpl ed al ong the Snake River and PIT tagged, the nunber of
PI T-tagged fish that were detected passing Lower G anite Dam
and the nunber and percentage detected fish that were recaptured
after passing Lower Granite Dam 1993, 1994, 1996, 1997, 1998.

Number of fish Per cent
Year Tagged Det ect ed Recapt ur ed recaptured
1993 1, 252 234 116 49. 6
1994 2, 337 193 115 59.6
1996 413 126 26 20. 6
1997 553 97 25 25.8
1998 1,432 379 70 18.5

Tabl e 2. —€l assification of run nmenbership using discrimnant
anal ysis nodels fit with genetically identified wild subyearling
fall and spring/summer (abbreviated as spring) chinook sal non
snolts that were recaptured after being detected at Lower
G anite Dam 1993, 1994, 1996-—1998. Wthin- and across-run
cross-validation classification accuracies (% are given by
year.

Nunmper classifired Into

Act ual each run Cl assification accuracy (%

ctua

Year run Fal | Spring Total WThin-run ACT0SS-T1un

1993 Fall 37 12 49 75.5 77.6
Spring 14 53 67 79.1

1994 Fal | 74 18 92 80. 4 78.3
Spring 7 16 23 69. 6

1996 Fall 19 3 22 86. 4 84.6
Spring 1 3 4 75.0

1997 Fall 10 4 14 71. 4 76.0
Spring 2 9 11 81.8

1998 Fall 29 9 38 76. 3 75.7
Spri ng 8 24 32 75.0




When using the life history attributes of the genetically
identified snmolts to fit the five discrimnant anal ysis nodel s,
we found that across-run classification accuracy averaged 78. 4%
and ranged from75.7 to 84.6% (Table 2). Date of initial
capture and tagging, fork length at initial capture and tagging,
and date of passage at Lower Granite Damwere used in the 1993
and 1994 nodels to classify the snolts. For the 1996 nodel,
classification was based on fork length at initial capture and
taggi ng, and date of passage at Lower Granite Dam Date of
passage at Lower G anite Dam was used in the 1997 nodel to
classify snolts. In the 1998 nodel, classification was based on
rkmof initial capture and tagging, and date of passage at Lower
G anite Dam

After conmbining the snolts of classified-run origin with
those genetically identified, the total nunber of snolts
avai l abl e for estimating run conmposition and conparing early
life history attributes was 1,029 of which 760 (73.9% were fal
chi nook sal non and 269 (26.1% were spring chinook sal non.
Annual run conposition ranged from55.6 to 84.9% fall chinook
salnon, and 15.1 to 44. 4% spring chi nook sal non (Table 3).

Tabl e 3. Fhe percentages of PIT-tagged wi|ld subyearling fal
and spring/summer (abbreviated as spring) chinook salnmon (i.e.,
run conposition) detected passing Lower Ganite Dam 1993, 1994,
1996—2998. Detected snolts include fish of classified run
menbership (i.e., using discrimnant analysis) and those that
were genetically identified.

Run conposition (%
Number of snolts

Year det ect ed Fal | Spring
1993 234 55.6 44. 4
1994 193 76. 2 23.8
1996 126 84.9 15.1
1997 97 67.0 33.0
1998 379 82.1 17.9




Early life history, based on the attributes we neasured
annual Iy, proceeded on a slightly earlier time schedule for
spring chinook salnmon than for fall chinook sal non (Figure 2).
Fal | chinook sal non were captured and tagged as parr rearing
al ong the Snake River later (N =5; grand nmedi an = day 160) than
the spring chinook salnmon (N = 5; grand nedi an = day 155). Fal
chi nook sal non parr were consistently smaller (N =5; grand
median = 73 mM) when captured and tagged than spring chinook
salnon parr (N =5; grand nedian = 85 mm. There was no
consi stent pattern anong years for rkm of capture. Fall chinook
sal non snolts passed Lower Granite Damlater (N = 5; grand
medi an = day 202) than spring chinook salnmon snolts (N = 5;
grand nedi an = day 187).

Di scussi on

W were able to use genetic identification nmethods on
subsanpl es of snolts to provide data for fitting discrimnant
anal ysis nodels that classified subyearling chinook sal non run
menbership with accuracy ranging from75.7 to 84.6%

Cl assi fyi ng subyearling chinook sal non run nenbership is
difficult when using early life history attributes or even body
nor phol ogy whi ch has been used in other studies of juvenile
anadromous sal nonids (Carl and Heal ey 1984; Tayl or and MPhai
1985; Taylor 1986; Swain and Holtby 1989). Tiffan et al. (2000)
used di scrimnant analysis nodels fit from body norphol ogy
traits and found that subyearling spring chinook sal non snolts
recaptured at Lower G anite Dam were m s-classified as
subyearling fall chinook sal non an average of 74% of the tine.
We conclude that the discrimnant analysis nodel we fit
classified run nenbership for wild subyearling chinook sal non
snolts with acceptabl e accuracy.

After conpleting discrimnant analysis and pooling
classified and genetically identified fish, we found that spring
chi nook sal non were captured and tagged as parr earlier and were
| arger than fall chinook salmon parr. W believe the
explanation for these differences is that spring chinook sal non
fry emerged earlier than fall chinook salnon fry and grew while
novi ng from upstream natal areas. Spring chinook sal non snolts
were al so detected passing Lower Granite Damearlier than fal
chi nook sal non snolts, perhaps because spring chinook sal non
parr reached a threshold size for seaward mi gration (Fol mar and
D ckhoff 1980; Wedeneyer et al. 1980) earlier than fall chinook
sal non parr. Qhers studying juvenile anadronous sal noni ds have
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docunented differences in early life history attributes that
resulted fromtime of fry emergence (Lister and Genoe 1970;
Everest and Chapman 1972).

The results in this paper have an inportant nmanagenent
inplication relative to nonitoring recovery of the Snake R ver
fall chinook sal non population listed for protection under the
ESA in 1992 (NWFS 1992). Although the proportion of Snake River
spring chinook salnon that mgrate to the sea as subyearlings is
a small fraction of the total spring chinook sal non snolt
nunber, they can nmake up a large part of the subyearling
m gration, especially in years when small nunbers of fal
chi nook sal non are present. The wide variability observed in
run conposition of PIT-tagged snolts enphasizes that subyearling
chi nook sal non passage indices at Lower G anite Dam cannot be
used al one to index fall chinook sal non snolt abundance and
passage timng. |If used without know edge of subyearling spring
chi nook sal non snolt presence, fall chinook sal non snolt
abundance woul d be overestinated and timng of fall chinook
sal non snolt passage woul d appear to be earlier and nore
protracted than is the case.
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| nt roducti on

Juveni | e anadronous sal noni ds have wide intra- and inter-
specific variability in age at seaward mgration. G owh during
spring is inportant to the process of snoltification and hel ps
determ ne age at seaward migration (Fol mar and Di ckhoff 1980;
Wedeneyer et al. 1980; Dickhoff et al. 1997, Beckman and
D ckhoff 1998; Beckman et al. 1999). One neasure of the
potential of a streamto provide the growh necessary to
initiate seaward mgration is called growh opportunity.

Met cal fe and Thorpe (1990) devel oped a growth opportunity index
based on nean air tenperature (used as a surrogate for water
tenperature) and photoperiod that explained 82% of the observed
variability in age at snmolting for wild Atlantic sal non Sal no
salar. Taylor (1990) analyzed data from 160 chi nook sal non
Oncor hynchus tshawytscha popul ations ranging fromCalifornia to
Al aska, and he showed that areas with | ow growth opportunity
tended to produce juveniles wth “streamtype” (Heal ey 1991)
early life histories.

In the Snake River basin, spring/summer (hereafter, spring)
chi nook sal non typically have a streamtype life history. Adult
spring chinook sal non m grate upstreamthrough the Snake River
during spring and early sumer to high el evation cool -water
tributaries of the Clearwater R ver, G ande Ronde River, Sal non
Ri ver, and I maha Ri ver subbasins (Figure 1) where they spawn
during August and Septenber. The fry energe primarily fromlate
January through early May (Howel|l et al. 1984). Bjornn (1971)
found that juvenile spring chinook salnmon in tributaries of the
Sal non Ri ver di spersed from spawning areas as fry (less than 50
mmfork | ength) soon after energence, as subyearlings (70 to 120
mm in the fall and winter after their first sumrer, and as
yearling snolts (80 to 130 mm) in spring. The majority of
juvenile spring chinook salnon mgrate to the sea primarily as
yearling snolts during spring after overwntering in |arger
order streans such as the Sal non R ver (Chaprman and Bj ornn
1969). Achord et al. (1996) found that passage of wild yearling
Snake River spring chinook salnon at Lower G anite Dam (Fi gure
1) peaked in April, and tailed off into July.

When genetically characterizing “ocean-type” (Heal ey 1991)
wild fall chinook sal non using subyearling snolts recaptured at
Lower Granite Damfrom 1991 to 1995, Marshall et al. (2000)
unexpectedly found that 5 to 63% of the snolts were wild
subyearling spring chinook sal non which were genotypically
simlar to baseline sanples for the streamtype spring chinook
sal non stocks in the Snake River basin. These findings raised
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Figure 1. The Snake River Basin including several of the
subbasin tributaries where wild spring and sunmer* chi nook
sal non spawn, the beach seining area, and Lower G anite and
Littl e Goose dans where PIT-tagged snolts were recaptured. ((1)
Seining area, (2) Crooked River, (3) Red River, (4) North Fork
Sal non River, (5) Lemhi River, (6) Pahseneroi River, (7) West
Fork Yankee Creek, (8) herd Creek, (9) East Fork Sal non River,
(10) West Fork Salnon River, (11) Upper Sal non River including:
Alturas Lake Creek, Valley Creek, Cape Horn Creek, Marsh Creek,
Bear Valley Creek, Elk Creek, Sul phur Creek, (12) Big Creek,
(13) South Fork Sal mon River*, (14) Secesh River*, (15) Lake
Creek*, (16) Imaha River*, (17) Upper G ande Ronde River, (18)
Cat herine Creek, (19) Lostine River, (20) Lower Granite Dam (rkm
173), (21) Little Goose Dam (rkm 113)).
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t he question, why do sone wild spring chinook sal non mgrate
seaward one year earlier than normal ? Researchers have shown
that accelerated gromh increases indices of snoltification and
can pronote early seaward mgration of spring chinook sal non
reared in hatcheries, artificial streams, or |aboratories (Hart
et al. 1981; Ewing et al. 1980, 1984; Beckman and Di ckhof f
1998), but to our know edge early seaward migration as rel ated
to growth has not been described for spring chinook salnon in
the wild. In this note, we present growth information that
hel ps to explain why a snall fraction of the wild Snake R ver
spring chinook sal non popul ati on m grates seaward one year
earlier than normal.

Met hods

W collected wild subyearling chinook sal non parr in the
Snake River fromrkm 224 to rkm 291 (Figure 1) by beach seining
as described by Connor et al. (1998) in 1993, 1994, 1997, and
1998. W began beach seining in April and continued into June
or July until water tenperatures exceeded 20°C and the catch was
near zero. W tagged parr > 60-mmfork | ength with Passive
I ntegrated Transponders (PIT tags)(Prentice et al. 1990).
Details of parr handling and taggi ng were described by Connor et
al. (1998). Tagged parr were rel eased where they were captured
to resune rearing.

Subsanpl es of our tagged parr that survived rearing and
early seaward mgration were detected as snolts passing Lower
Granite Damin the fish bypass system as descri bed by (Connor et
al. 2000). W recaptured a subsanple of the detected snolts in
the bypass systemat Lower G anite Damin 1993 and 1994 by usi ng
a diversion device (Marsh et al. 1999). 1In 1997 and 1998, we
recaptured snolts in the bypass systemat Little Goose Dam
(Figure 1). In 1993, 1994, and 1997, we neasured fork | ength
(mm and then sanpled scal es, body muscle, heart, liver and eye
tissues (Marshall et al. 2000) from each recaptured snolt. In
1998, we neasured fork length then took scales and a pelvic fin
clip.

Two experienced scal e pattern anal ysts used net hods
descri bed by Koo (1967) to confirmthat each recaptured wld
chi nook sal non snolt was a subyearling. In 1993, 1994, and
1997, the genetic lineage (i.e., fall or spring run) of each
recaptured snolt was identified using allozyme multil ocus
genotypes with accuracy near 100% (Marshall et al. 2000). In
1998, the genetic |lineage of each recaptured snolt was
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identified non-lethally using the dual primar product of a

nucl ear DNA marker (R Rodriguez, U S. Ceol ogical Survey,
unpubl i shed nmethod). Run identification using the DNA nmarker is
al nost 100% reliable, and it provided nearly identical results
when conpared to identifications fromallozynme genotypes (A
Marshal |, Washi ngton Departnent of Fish and Wldlife and C
Rasmussen, U. S. Geol ogical Survey, unpublished data).

For wild subyearlings genetically identified as spring
chi nook sal non, we cal cul ated absolute growh rates during early
seaward mgration as: fork length at recapture mnus fork | ength
at initial capture divided by the nunber of days between initial
capture and recapture.

Resul ts

We captured, PIT tagged and released from413 to 2,337 wld
subyear|ing chinook sal non parr during 1993, 1994, 1997, and
1998. The total nunber of tagged snolts detected passing Lower
Ganite Damwas 234 in 1993 and 193 in 1994, of which 114
(48.7% and 115 (59.6% were recaptured. The total nunber of
tagged snolts detected passing Little Goose Damwas 79 in 1997
and 407 in 1998 of which 57 (72.2% and 137 (33.7% were
recaptured. Genetic analyses indicated that the percentage of
spring chinook salnmon in the sanples of wild subyearlings
recaptured at the dans was 57.9%in 1993, 20.0% in 1994, 47.4%
in 1997, and 45.3%in 1998.

W1 d subyearlings genetically identified as spring chi nook
salnon were initially captured, PIT tagged, and rel eased al ong
the Snake R ver from 28-April to 29-June (Table 1). Mean fork
|l ength of wild subyearling spring chinook sal non when they were
initially captured, PIT tagged, and rel eased al ong t he Snake
River ranged from78.4 to 87.2 mm (Table 1). Date of passage
for PIT-tagged wild subyearling spring chinook sal non ranged
from 17-June to 25- August at Lower Granite Dam and from 17- May
to 22- August at Little Goose Dam (Table 1). Mean fork |engths
of PIT-tagged wild subyearling spring chinook sal non recaptured
at Lower Granite Damwere 122.3 and 137.0 mm and 127.9 and
135.1 mmat Little Goose Dam (Table 1). Mean absolute growh
rate during early seaward migration ranged from1.0 to 1.5 nmd
(Table 1).
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Tabl e 1. —Ranges of initial capture dates and nean fork | engths
(FL; nmm for wild subyearling spring chinook salnmon PIT tagged
as parr rearing along the Snake River, and the ranges of dates
and nean fork lengths for the sane fish recaptured as snolts at
Lower Granite Dam (1993 and 1994) or Little Goose Dam (1997 and
1998). Absolute growth rates during early seaward m gration
(md) were calculated for every fish and then averaged within
each year.

Initial capture Recapt ure Mean absol ute
growh rate
Dat e Mean FL Dat e Mean FL (nm d+SD)
Year N range (range) range (range)

1993 65 18-May 29-Jun 78.4  17-Jun 25-Aug 122.3 1.3+0.327
(60-117) (71- 166)

1994 23 05-May 15-Jun 87.2 23-Jun 06-Aug 137.0 1.0+0.355
(60- 104) (96- 176)

1997 27 06-May 25-Jun 86.0 17-May 22-Aug 127.9 1.3+0.225
(66- 108) (107- 160)

1998 62 28-Apr 24-Jun 85.8 22-Jun 21-Jul 135.1 1.5+0.246
(60- 110) (108- 153)
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Di scussi on

W found that wild subyearling spring chinook sal non parr
rearing along the shorelines of the Snake Ri ver attai ned nean
fork lengths that ranged from78.4 to 87.2 nmduring spring and
early sumrer. W also found that nean absolute growh was rapid
(range 1.0 to 1.5 mmid) during early seaward m gration, and that
wi | d subyearling spring chinook salnon snolts averaged from 122
to 137 mmduring spring and early summer. In the Lenmhi River of
the Sal non River subbasin, it took until early fall and w nter
for wild spring chinook salnmon to grow to fork | engths ranging
from70 to 130 nm (Bjornn 1971). |In Bear Valley Creek of the
Sal non Ri ver subbasin, wild subyearling spring chinook sal non
averaged only 39 mmtotal length in July (Horner 1978). Achord
et al. (1996) collected wild subyearling spring chinook sal non
in 19 small order tributaries in the Cearwater River, G ande
Ronde River, Salnon River, and I maha Ri ver subbasins during
August and Septenber and the fork |l engths of the fish ranged
from63 to 83 mm These results show that wild subyearling
spring chinook salnon fry that disperse downstreaminto | arger
order streans, and eventually into the Snake River, grow much
faster than those that rear in close vicinity to spawni ng areas.

Growt h opportunity may be higher in the Snake River and its
| arger order tributaries than in headwater streans because | ower
order streans are generally nore shaded, have cool er | ess stable
wat er tenperature regines, and are | ess productive (Vannote et
al. 1980). There are two ways high growth opportunity may
affect age at seaward mgration. First, there is evidence for a
critical size for snoltification (Folmar and D ckhoff 1980;
Wedeneyer et al. 1980). Hatchery-reared spring chinook sal non
released in a tributary of the Sal non River, m grated downstream
wi thin days of release in June when they averaged 75 nm or nore
fork length, but few 55-mm fish m grated downstream (Bjornn
1978). Experinents conducted with subyearling spring chinook
salnon in an artificial streamin Oregon showed that |arger fish
m grated before smaller fish (Ewing et al. 1984). The wld
subyearling spring chinook sal non we studi ed nay have m grated
seaward one year early because the rearing environnents of the
| arger order streans they encountered en route to the Snake
Ri ver, and the rearing environnment of the Snake River, allowed
themto growto a critical size by early sunmer

The second way that high growth opportunity may affect age
at seaward mgration is by pronoting rapid growh during a
critical period of tine. Dickhoff et al. (1997) proposed that
rel eases of plasma growth hornones, associated with rapid
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growm h, integrate physiol ogical responses with environnental
cues and facilitate successful snoltification. Beckman and

D ckhoff (1998) produced prelimnary results that suggested age
at snmolting decreased as growth rate of subyearling spring

chi nook sal non increased, and they provided an exanpl e of fast
growing wild spring chinook salnon that m grated seaward as
subyearlings. These two recent studies, and others (Folmar and
D ckhoff 1980; Wedeneyer et al. 1980; Ewing et al. 1984; Thorpe
1989; Metcal fe and Thorpe 1990; Tayl or 1990), indicate that fast
growi ng parr may snolt and mgrate seaward earlier in life than
sl ow growi ng parr

We conclude that wild subyearling spring chinook sal non
t hat di sperse fromnatal spawni ng areas downstreaminto the
Snake River grow nore rapidly than their tributary rearing
counterparts. This increased growmh is sustained during early
seaward mgration and it helps to explain why some wild spring
chi nook sal non m grate seaward as subyearlings, while others
fromthe sanme cohort migrate seaward as yearlings.
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| nt roducti on

Construction and operation of danms has affected popul ations
of anadromous salnonids in North Anerica. Three effects of dans
are germane to the present paper. First, danms can elimnate
passage to spawning areas (e.g., Mffitt et al. 1982; Winderlich
et al. 1994; Kondolf et al. 1996). |In such cases, the
popul ati on can be extirpated or spawning shifts fromhistoric
core areas to margins of the historic range.

The water tenperature regine of a river downstream of a dam
can change from pre-damconditions (e.g., Hall and Van Den Avyle
1986). Regulated rivers can be warner during fall, warm sl ower
during the late winter and spring, and be cool er during the
summer nont hs because reservoirs respond slowy to changes in
solar radiation and can rel ease water that is warmer or col der
than streaminflow. Rel eases of water fromthe hypolimion of
reservoirs can cool the water of historically warmrivers, or
warm the water of historically cool rivers. Releases of
reservoir water into rivers can therefore change devel opnent al
rates of anadronous sal nonid eggs, the progression of early life
hi story events, and juvenile growh rates.

Dans al so i npound rivers thereby reducing water velocity.
Park (1969) and Raynond (1979) proposed that decreased water
vel ocities in reservoirs del ayed downstream m grati on by
st eel head Oncor hynchus nyki ss and chi nook sal non O tshawtscha
snolts in the Colunbia and Snake Ri ver basins by at |east 30 d.
An extended period of freshwater residence of snolts is
therefore a third affect dans can have on juvenil e anadronous
sal noni ds.

By 1964, the ongoing construction of Brownl ee, Oxbow, and
Hel | s Canyon dans (hereafter, the Hells Canyon Conpl ex) had
bl ocked access to the historic production area for Snake R ver
fall chinook sal non | ocated near Marsing, |daho (Figure 1).
Fal | chinook sal non presently spawn from Cctober to Decenber
(Goves and Chandl er 1999) primarily in a 173-kmreach of the
Snake Ri ver downstream of Hells Canyon Conpl ex, and a 64-km
reach of the |Iower C earwater R ver downstream of Dworshak Dam
(I daho Power Conpany, Nez Perce Tribe, U S. Fish and Wldlife
Servi ce, unpublished data)(Figure 1). Consequently, Snake Ri ver
fall chinook sal non egg incubation, parr rearing, and growth are
i nfluenced by water tenperatures regul ated by dans. Subyearling
fall chinook salnon snolts nust al so pass up to ei ght mainstem
reservoirs and dans (Figure 1) to reach the sea.

27



Tashington

1
!
50 0 50 :
o= |

Em. |

Figure 1. —+tocations of the upper and | ower reaches of the
Snake River, the lower C earwater River, beach seining areas,
and dans that affect the early life history of Snake R ver fall
chi nook sal non. Dans equi pped with PIT-tag nonitoring devices
are indicated with an asterisk. (1) Brownl ee Dam (2) Oxbow Dam
(3) Hells Canyon Dam (4) Upper Reach Snake River, (5) Lower
Reach Snake River, (6) Lower C earwater River, (7) Dworshak Dam
(8) Lower Ganite Dam (9) Lower Granite Dant, (10) Little Goose
Dant, (11) Lower Monunental Dant, (12) Ice Harbor Dam (13)
McNary Dant, (14) John Day Dant, (15) The Dalles Dam (16)
Bonnevil |l e Dant.
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In the present paper, we describe energence, rearing, early
seaward mgration, and growmh of juvenile fall chinook sal non
produced in the Snake and | ower Cl earwater rivers as affected by
the construction and operation of dans. Were possible, we make
conpari sons between the present-day Snake Ri ver fall chinook
sal non popul ation, the popul ation of Snake Ri ver fall chinook
sal non that spawned near Marsing, lIdaho prior to 1964, and ot her
inland fall chinook sal mon stocks in that inhabit the Col unbia
Ri ver basi n.

Wat er Tenperature in the Study Area

The Snake River can be divided into two reaches (Figure 1)
based on differences in water tenperature. The upper reach
extends fromHells Canyon Damat river km (rkn) 399 to the
confluence with the Sal non River at rkm 303. The |ower reach
extends fromrkm 303 to the head of Lower Granite Reservoir at
rkm 224. Flow t hrough the upper reach of the Snake River is
al nost entirely regulated by Hells Canyon Conplex since there is
very little tributary inflow The upper reach is usually warner
than the | ower reach throughout nost of the year (Table 1;
Figure 2) because the Salnmon River is relatively cool and
provi des enough flow to the |l ower reach to reduce its water
tenperature

The effect of Hells Canyon Conplex on the water tenperature
regi nes of the upper and | ower reaches of the Snake Ri ver cannot
be concl usively determ ned because water tenperature data were
not coll ected downstream of Hells Canyon Conplex until after its
conpletion. After damconstruction, the Snake Ri ver probably
becane warnmer during late fall because the Hells Canyon Conpl ex
reservoirs retained heat absorbed as sol ar radiation during
summer, and then released this warner water well into the fall.
Hel | s Canyon Conpl ex reservoirs probably do not warm i nmedi ately
in response to increases in solar radiation after the w nter
sol stice, so relatively colder water may be released in md-

Wi nter, spring, and early sunmer thereby cooling the upper and
| ower reaches of the Snake River

Dwor shak Dam was conpl eted on the North Fork C earwater
River (Figure 1) in 1971. After Dworshak Reservoir was filled
in 1973, releases of hypolimetic and netali metic water warned
the lower Clearwater River in the fall, winter, and spring, and
cooled the river during sumer (Figure 2). Starting in 1992,
Dwor shak Reservoir water was rel eased during July and August to
i ncrease survival of fall chinook sal non snolts passing
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Tabl e 1. & and nean water tenperatures during by season and
the annual cunulative daily tenperature units (CTUs) for the
upper and | ower reaches of the Snake River, the |ower C earwater
Ri ver (brood years 1991-1998), and the historic production area
near Marsing, |ldaho (brood years 1960-1963). Daily average
wat er tenperatures for the historic production area were
provi ded for the Snake River upstream of Marsing by the |Idaho
Power Conpany. Data for the Snake R ver were collected hourly
usi ng thernographs installed within each reach by the |daho
Power Conpany and U. S. Fish and Wldlife Service. The U S
Ceol ogi cal Survey provided daily m ni num and maxi nrum wat er
tenperatures neasured in the |l ower Cearwater River at Spal ding,
| daho, which were averaged to provide daily neans.

Upper reach Lower reach Lower C earwater Snake River

Snake River Snake R ver Ri ver Mar si ng
Season (1991-1998) (1991-1998) (1991-1998) (1960-1963)
Fal | 12.8 11.2 8.1 10.6
W nt er 4.4 4.2 3.8 5.0
Spring 12. 2 11.4 9.2 14.0
Sunmer 20.5 20.1 15.9 20.7
CTUs 4,589 4,314 3,409 4,629
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Figure 2. —Daily mean water tenperatures for the upper and
| ower reaches of the Snake River (brood years 1991-1998), the
hi storic production area (brood years 1960—2963) (Top), and the
| ower Cl earwater River (before Dwmrshak Dam brood years 1960-
1970; after Dworshak Dam brood years 1973-1991; and after
sumer fl ow augnentation, brood years 1992-1998)(Botton). Data
sources are given in the caption of Table 1.
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downstreamin Lower Granite Reservoir (NMFS 1995). Milti-Ileve
sel ector gates were used to release water as cool as 6°C fromthe
| ower metalimion of Dworshak Reservoir during July and August,
whi ch decreased sumer water tenperatures in the |ower

Cl earwater River below 1973-1991 |l evels (Figure 2).

Water tenperatures in the historic production area near
Mar sing, |daho during the four years (brood years 1960-1963)
prior to fall chinook salnon extirpation, differed fromthe
wat er tenperatures experienced by present-day fall chinook
salnon in the Snake and Clearwater Rivers (Table 1). Fall water
tenperatures in the historic production area were cooler than in
t he upper and | ower reaches of the Snake River, and warner than
inthe lower Clearwater River (Table 1). Water tenperatures of
the historic production area were warnmer than all three present-
day production areas in the winter, spring, and sumrer (Table
1). On an annual basis (based on cunul ative daily tenperature
units) the historic production area was the warnest followed by
t he upper reach of the Snake R ver, the |lower reach of the Snake
River, and the |ower Clearwater R ver (Table 1).

Met hods
Data col |l ection

We collected wild subyearling chinook sal non by beach
seining (Connor et al. 1998) pernmanent and non- per manent
stations. Stations were |ocated al ong the upper reach of the
Snake River fromrkm 361 to rkm 314 (1995—2000), the | ower reach
of the Snake River fromrkm 291 to rkm 224 (1992—2000), and the
| ower Clearwater River fromrkm64 to rkm 16 (1993-2995) (Figure
1). Beach seining at permanent stations typically began in
April soon after fry began energing fromthe gravel, and was
conducted one day per week within each production area. Wekly
sanpling continued into June or July until few or no fish were
col | ected. Suppl enental sanpling was typically conducted one day
per week in each production area for three consecutive weeks
once a mpjority of fish were > 60-mmfork |length. W inserted
passive integrated transponders (PIT tags)(Prentice et al.
1990b) into fish > 60-mmfork length (Connor et al. 1998).
Tagged fish were rel eased where they were collected to resune
rearing.

After beginning seaward m gration, sone of the PIT-tagged
subyear|ing chinook sal non were detected passing through the
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juveni |l e bypass systens of dans equi pped with PIT-tag nonitors
(Matthews et al. 1977; Prentice et al. 1990a; Connor et al.

2000) (Figure 1). Operation schedules for the fish bypass
systens varied by damand year. Mst of the detections occurred
in the fish bypass systens of Lower Ganite, Little Goose, and
Lower Monunmental danms (Figure 1) operated fromearly April to
early Novenber, and at McNary Dam (Figure 1) operated fromearly
April to early Decenber.

We recaptured subsanples of PIT-tagged wild subyearling
chi nook sal non passing Lower Granite or Little Goose danms from
1992 to 1998 to determ ne the genetic lineage (i.e., fall or
spring/ summer chi nook sal non) of individual fish (Marshall et
al . 2000; Connor et al. Inreviewa). In 1999 and 2000, we
systematically collected fish fromthe beach seine catch to non-
| ethal ly assess the genetic |ineage of individual fish (Connor
et al. In reviewa).

Early life history

We focused our anal yses of early life history on 1995 data
because beach seine catch was conposed primarily of wld
subyearling fall chinook sal non, environnmental conditions were
average, and all three of the present-day production areas were
sanpl ed. W presented data fromother years to corroborate the
1995 findings. The presence of subyearling spring/sunmer
chi nook sal non shoul d be consi dered when viewi ng our results
because the genetic |ineage of every fish we sanpled could not
be determned. WId subyearling spring/sunmrer chinook sal non in
our catch nmakes rearing and early seaward mgration timng we
report for fall chinook sal non seemslightly earlier than is the
case (Connor et al. In reviewa).

We used the capture dates for wild subyearling chi nook
salmon < 45-mm fork length to describe time of presence for
new y energent fall chinook salnon fry. W used the capture
dates for fish > 45-mmfork length to describe tine of presence
for fall chinook salnmon parr. All capture dates were adjusted
to Sunday’ s date the week of sanpling to account for differences
in day of sanpling anong the three production areas. W used a
Kol nogor ov- Smirnov three-sanple test (Kiefer 1959) to test for
significant differences (alpha = 0.05) in the date distributions
of fry and parr presence anong the three production areas. W
used Kol nogorov-Sm rnov two sanple tests (Daniel 1978) to nake
pair-w se conparisons (al pha = 0.05) between date distributions

33



of two production areas when there was a significant difference
in a three-sanple test.

We used the detection data at Lower Ganite Dam which is
the first dam encountered en route to the Pacific Ccean, to
represent the onset of seaward migration by subyearling fal
chi nook sal non snolts. W conpared the detection date
distributions of snolts anong the three production areas using
Kol nobgorov- Smirnov three-sanple and two-sanple tests as
previously described for fry and parr anal yses.

We used the detection data collected at all danms equi pped
with PIT-tag nonitoring equi pnment (Figure 1) to determ ne the
proportion of snolts fromeach of the three productions that
were |ast detected in freshwater as yearlings. W used
contingency table analysis (Zar 1984) to conpare (al pha = 0.05)
the proportion of the PIT-tagged snolts from each production
area that was | ast detected as yearlings. Tukey-type pair-w se
conpari sons were made between production areas to test for
significant differences (alpha = 0.05) in the arcsine
transforned proportions (Zar 1984).

G owt h

We cal cul ated four neasures of growh. W used the |ength
and weight data for fry and parr collected at initial capture to
fit the equation w = al® (Ricker 1975). We calculated condition
factor (K) for parr and snolts using the equation K = WL? x 10°.
We cal cul ated absolute growh rate (mmd) during rearing using
| ength data from Pl T-tagged parr recaptured by beach seine after
initial capture and tagging. W calculated absolute growh rate
as: fork length at recapture mnus fork length at initial
capture divided by the nunber of days between initial capture
and recapture. W cal cul ated absolute growmh rate during early
seaward m gration using the sane equation except snmolt fork
| ength at recapture was neasured on fish recaptured after
passi ng Lower Granite Dam

We conpared (al pha = 0.05) the sl opes of the geonetric nean
(G regression equations describing the relation between wei ght
and length as described by Zar (1984). W used anal ysis of
vari ance (ANOVA) and the 1995 data to test for differences
(al pha = 0.05) in condition factors and absolute growth rates of
parr and snolts anong the three production areas. Tukey type
pair-w se conparisons (Zar 1984) were made between grow h of



parr or snolts of two production areas to test for significant
di fferences (al pha = 0.05).

Results
Sanpl e Sizes and Cenetics

We captured 5,869 wild subyearling chinook salnon in the
upper reach of the Snake River from 1995 to 2000, 19,875 in the
| ower reach of the Snake River from 1992 to 2000, and 2,356 in
the lower Cearwater from 1993 to 1995 (Table 2). W inserted
PIT tags into 2,633, 9,517, and 1,520 fish in the upper reach of
t he Snake River, |ower reach of the Snake River, and | ower
Clearwater River (Table 2). The percentage of fall chinook
salnon in sanples collected for genetic analysis ranged from
59.5 to 100. 0% for the upper reach of the Snake River, 42.2 to
93.3% for the |ower reach of the Snake River, and from33.3 to
100. 0% for the lower Clearwater River (Table 2). The remaining
fish in the sanples collected for genetic analysis were
identified as wild subyearling spring/sunmer chinook sal non.

Early Life History

Fry emergence in 1995 occurred earliest in the upper reach
of the Snake River (median = 23-Apr; range 2-April to 21-May),
foll owed by the | ower reach of the Snake River (nedian = 30-Apr
range 2-April to 4—3June), and the |lower Clearwater R ver (nedian
18 June; range 2 April to 2 July) based on tine of fry presence
(Table 3; Figure 3). The date distributions of fry presence in
1995 differed significantly (KSa = 8.099 ; P < 0.0001), and each
pair-w se conpari son was significant (upper versus |ower reach
of the Snake River KSa = 3.190, P < 0.0001; upper reach of the
Snake River versus |ower Clearwater KSa = 6.992, P < 0.0001,
| ower reach of the Snake River versus |lower C earwater KSa =
7.702, P < 0.0001)(Figure 3). The grand nedi an dates of
presence for fry corroborate a consistent difference in fry
energence timng over years anong the three production areas
(upper reach of the Snake River = 22-April; |ower reach of the
Snake River = 2-May; lower Clearwater River = 193June)(Table 3).

Shoreline rearing by parr in 1995 occurred earliest in the
upper reach of the Snake River (nmedian 28-May; range 9-April to
21-June), followed by the | ower reach of the Snake River (nedian
4-June; range 2-April to 2-July), and the lower C earwater River
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Tabl e 2. Nunber of w | d subyearling chinook sal non collected
al ong the upper and | ower reaches of the Snake River and the
| oner Cl earwater R ver by year including the nunber of fish PIT
tagged and results of anal yses to determ ne genetic |ineage
(i.e., fall or spring/sumer run) of individual fish.

Cenetic results

Number Nunber Per cent
Year collected tagged N fall-run Citation

Upper Reach Snake River

1995 1,101 568 65 100.0 Marshall et al. (2000)
1996 132 51 9 100.0 Unpublished data
1997 120 87 17 100.0 “ ”
1998 1,179 628 79 59.5 * ”
1999 1,590 918 62 98.4 “ ”
2000 1,747 381 TBD TBD ”

Lower Reach Snake R ver

1992 2,191 1, 056 16 87.5 Unpublished data

1993 2,415 1, 252 116 42.2 Connor et al. (In reviewa)
1994 4,787 2, 337 115 80.0 * ”
1995 1, 662 801 45 93.3 Marshall et al. (2000)
1996 1,024 413 26 84.6 Connor et al. (In reviewa)
1997 1, 051 553 25 56.0 * ”
1998 2,828 1,432 70 54.3 * §
1999 1,924 843 161 83.9 Unpublished data

2000 1, 993 830 --— ----

Lower Cl earwater River

1993 552 367 3 33.3 Unpublished data
1994 1,019 695 - ---- NA
1995 785 458 3 100.0 Unpublished data
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Tabl e 3. Pates of presence (given as Sunday’s date for each
week) of wild subyearling chinook salnon fry and parr that were

collected in the upper and | ower

t he | ower

Granite Dam for

Cl ear wat er

Ri ver,

reaches of the Snake River
and the passage dates at Lower
Pl T-t agged snolts, 1992-—2000.

and

Snolt passage dates at

Dat es of presence Lower Granite Dam
Fry Par r
M ni mum M ni mum M ni mum
Medi an Medi an Medi an
Maxi mum Maxi mum Maxi mum
Year (N) (N) (N)
Upper Reach Snake River
1995 02- Apr 09- Apr 04-Jun
23- Apr 28- May 18-Ju
21- May 21-Jun 24- Cct
(117) (984) (203)
1996 14- Apr 14- Apr 20- May
28- Apr 12- May 04- Jul
05- May 16-Jun 25-Ju
(14) (118) (19)
1997 20- Apr 20- Apr 04- Jun
20- Apr 25- May 27-Ju
20- Apr 15- June 13- Aug
(1) (119) (22)
1998 12- Apr 12- Apr 19- May
19- Apr 17- Vay 07-Jul
10- May 05- Jul 21- Aug
(101) (1,078) (173)
1999 04- Apr 11- Apr 02-Jun
02- May 23- May 03-Ju
23- May 27-Jun 28- Aug
(97) (1, 493) (319)
2000 02- Apr 02- Apr 06- May
09- Apr 23- Apr 28-Jun
14- May 11-Jun 18- Aug
(683) (1, 064) (70)
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G and

nmedi ans

1992

1993

1994

1995

1996

1997

1998

1999

22- Apr

29- Mar
26- Apr
24- May
(359)

04- Apr
16- May
20-Jun
(199)

03- Apr
15- May
05-Jun
(440)

02- Apr
30- Apr
04- Jun
(257)

14- Apr
05- May
23-Jun
(268)

20- Apr
04- Vay
29-Jun
(114)

12- Apr
26- Apr
14- Jun
(322)

04- Apr
02- Vay
27-Jun
(278)

Tabl e 3.-(Conti nued)

Lower

20- May

Reach Snake Ri ver

29- Mar
17- May
07-Jun
(1, 832)

11- Apr
06- Jun
18- Jul
(2,216)

03- Apr
29- May
10- Jul
(4, 347)

02- Apr
04- Jun
02-Jul
(1, 405)

14- Apr
26- May
14- Jul
(756)

20- Apr
08-Jun
13- Jul
(937)

12- Apr
31- Mar
05-July
(2,506)

04- Apr
06- Jun
11-Jul
(1, 646)
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04- Jul

04- May
20-Jun
21-Jul
(39)

31- May
21-Jul
25- Cct
(234)

23- May
17-Jul
01- Nov

(193)

01-Jun
02- Aug
26- Cct
(235)

17- May
21- Jul
31- Cct

(127)

14- Jun
16- Jul
13- Cct
(97)

29- May
12- Jul
13- Cct
(375)

01-Jun
25-Jul
30- Aug
(240)



2000

G and

nmedi ans

1993

1994

1995

G and
nmedi ans

02- Apr
09- Apr
04- Jun
(415)

02- May

27-Jun
27-Jun
04- Jul
(18)

24- Apr
05-Jun
26- Jul
(54)

02- Apr
18- Jun
02-Jul

(90)

19- Jun

Tabl e 3. —(Conti nued)

Lower

02- Apr
14- May
25-Jun
(1,578)

31- May

Cl earwater River

27-Jun
27-Jun
18- Jul
(534)

03- Apr
19-Jun
03-Jul
(965)

07- May
02- Jul
23-Jul
(695)

27-Jun

18- May
02- Jul
08- Sep

(237)

17- Jul

14- Jul

20- Sep

05- Cct
(19)

18- Aug

18- Aug

18- Aug
(1)

03- Jul
14- Sep

31- Cct
(30)

14- Sep
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Figure 3. —Si deways box plots (Ot 1993) showing the timng of
fry presence (Top), timng of parr presence (Mddle), nean daily
wat er tenperature and day length (Botton) in 1995 for the upper
and | ower reaches of the Snake Ri ver (abbreviated upper Snake
and | ower Snake) and the | ower C earwater River (abbreviated
lower Clrwtr). Water tenperature data sources are given in the
caption of Table 1. Day |ength was neasured by the U S. Navy
at the confluence of the Snake and Cl earwater rivers. A unigue
letter in a box indicates that the date distribution differed
significantly (alpha = 0.05) fromthe other two given for the
life stage.
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(medi an 2-July; range 7-May to 23-July) based on tinme of parr
presence (Table 3; Figure 3). The date distributions of parr
presence in 1995 differed significantly (KSa = 19.064 ; P <
0.0001) (Figure 3), and each pair-w se conpari son was significant
(upper versus |ower reach of the Snake River KSa = 8.381, P <

0. 0001; upper reach of the Snake River versys |ower C earwater
KSa = 17.859, P < 0.0001; |ower reach of the Snake River versus
| ower Cl earwater KSa = 16.384, P < 0.0001)(Figure 3). The grand
nmedi an dates of presence for parr corroborate a consistent
difference over years in tinme of shoreline rearing anong the
three production areas (upper reach of the Snake Ri ver = 20—-May;
| oner reach of the Snake River = 31-May; and | ower Cl earwater

Ri ver = 27—3une) (Table 3).

Wat er tenperature when the majority (all but the outliers
shown as asterisks in Figure 3) of parr were rearing along the
shoreline in 1995 averaged 14.3°C in the upper reach of the Snake
River, 13.3°Cin the |ower reach of the Snake River, and 15.1°C
in the lower Clearwater River (Figure 3). Day length in 1995
was increasing throughout the time fall chinook sal non parr were
present along the shoreline of the upper reach of the Snake
River (Figure 3). Day length in 1995 began to decrease while
many parr were still rearing along the shoreline of the |ower
reach of the Snake River (Figure 3). Mbst parr were stil
rearing along the shoreline of the ower Cearwater R ver in
1995 wel|l after 21-June when day | ength began to decrease
(Figure 3). The maxi mum water tenperature when parr were
present along the shoreline in 1995 was 20.5°C (Figure 3).

During all years studied, shoreline rearing was conpl ete or near
conpl etion before water tenperature exceeded 21.0°C

Snolts fromthe upper reach of the Snake River began
seaward mgration earliest (nmedian = 183July; range 4—3June to
24—October), followed by snolts fromthe | ower reach of the
Snake Ri ver (nedian = 2-August; range 1—3June to 26—ctober), and
snolts fromthe | ower C earwater River (nmedian = 14-Septenber;
range 3—July to 31-Cctober) based on detection dates of PIT-
tagged snolts at Lower Granite Damin 1995 (Table 3; Figure 4).
The detection date distributions in 1995 differed significantly
(KSa = 4.190; P < 0.0001)(Figure 4), and all pair-w se
conpari sons were significant (upper versus |ower reach of the
Snake River KSa = 3.605, P < 0.0001; upper reach of the Snake
River versus |ower Cearwater KSa = 3.542, P < 0.0001; | ower
reach of the Snake River versus |ower C earwater KSa = 2.286; P
< 0.0001) (Figure 4). The grand nedi an detection dates for
subyearling snolts at Lower G anite Dam corroborate a consistent
difference over years in tine of early seaward migration anong
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Fi gure 4. —-Si deways box plots (Ot 1993) show ng passage ti m ng
at Lower Granite Damfor PIT-tagged snolts fromthe upper and
| ower reaches of the Snake River (abbreviated upper Snake and
| ower Snake) and the |ower C earwater River (abbreviated | ower
Clrwtr)(Top), and the nean daily water flow and tenperature
(Bottom neasured in Lower Granite Reservoir by the U S. Arny
Corps of Engineers in 1995 A unique letter in a box indicates
that the date distribution differed significantly (al pha = 0.05)
fromthe other two.
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snolts of the three production areas (upper reach of the Snake
River = 43July; lower reach of the Snake River = 173July; and
| ower Cl earwater River = 14-Septenber)(Table 3).

Subyearling snmolts fromall three production areas passed
Lower Granite Damin 1995 after reservoir flow peaked and was
declining to base sumer |evels, and when water tenperature was
increasing to the sunmer maxi num (Figure 4). Mean flow in Lower
Ganite Reservoir during the tinme the majority (all but the
outliers shown as asterisks in Figure 4) of snolts passed Lower
Granite Damwas 2,174, 1,435, and 1,068 ni/s for smolts fromthe
upper reach of the Snake River, |ower reach of the Snake River,
and lower Clearwater River. Witer tenperature in Lower Ganite
Reservoir during the tinme snolts fromall three production areas
passed Lower Granite Damreached a maxi num of 21.8°C.

The proportion of PIT-tagged snolts from 1995 rel eases that
was | ast detected as yearlings in 1996 at dans in the Snake and
Columbia rivers was 0.009 for the upper reach of the Snake
Ri ver, 0.039 for the | ower reach of the Snake River, and 0.063
for the lower Clearwater R ver (Table 4; Figure 5. These
proportions differed significantly (X? = 8.149; P < 0.05). The
proportion of tagged snolts | ast detected as yearlings was
significantly | ower for the upper reach of the Snake Ri ver
(upper reach versus | ower reach of the Snake River q = 7.36, P <
0. 05; wupper reach of the Snake Ri ver versus | ower C earwater
River q = 6.15, P < 0.05)(Figure 5). The proportion of snolts
fromthe | ower reach of the Snake River and the | ower C earwater
Ri ver | ast detected as yearlings varied considerably anong
rel ease years, but the grand neans are consistent with the 1995
findings (upper reach of the Snake River = 0.015+0.012; | ower
reach of the Snake River = 0.112+0.082; lower Cearwater River =
0.521+0. 336) (Tabl e 4).

G owt h

The geonetric mean (GW) regression equation for the upper
reach of the Snake R ver was LogioWeight = -5.834 + 3.479 x
LogioLength (r? = 0.985; P < 0.0001)(Table 5). Therefore, w =
0.0000015 x |34 (Table 5). For the | ower reach of the Snake
River, the GV regression equati on was Log;oWei ght = -5.819 +
3.479 x Logilength (r? = 0.968; P < 0.0001)(Table 5) and w =
0.0000015 x 134 The GM regression equation for the | ower
Cl earwat er River was Log;o\Weight = -6.371 + 3.784 x LogioLength
(r? = 0.928;, P < 0.0001)(Table 5) and w = 0.0000004 x |3%78  The
sl ope coefficients of the GMregression equations differed
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Tabl e 4. —The nunber of fi nal

detections (N) of PIT-tagged wld

subyearling chinook sal non snolts at Snake and Col unbia river
dans, and the proportions by age at detection by production area

and rel ease year, 1992-1998.
Proportion
Producti on area Year N Subyear | i ngs Year | i ngs
Upper Reach 1995 328 0.991 0. 009
Snake River 1996 30 0. 967 0. 033
1997 47 1. 000 0. 000
1998 324 0.981 0. 019
G and neans 0.985+0. 012 0.015+0. 012
Lower Reach 1992 68 0. 956 0. 044
Snake River 1993 356 0. 834 0. 166
1994 338 0. 746 0. 254
1995 361 0. 961 0. 039
1996 171 0. 942 0. 058
1997 173 0. 815 0. 185
1998 687 0.961 0. 039
G and neans 0. 888+0.08. 2 0.112+0. 082
Lower Cl earwat er 1993 73 0. 356 0. 644
Ri ver 1994 28 0. 143 0. 857
1995 48 0. 938 0. 063
G and neans 0.479+0. 336 52.1+0. 336
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Figure 5. —Fhe proportions of PIT-tagged wil|ld subyearling
chi nook sal non fromthe upper and | ower reaches of the Snake
Ri ver (abbreviated upper Snake and | ower Snake) and the | ower
Cl earwater River (abbreviated lower CArwr) that were | ast
detected as subyearling and yearling snolts at dans in the Snake
and Colunbia rivers. A unique letter over the yearling bar
I ndicates that the proportion of yearling detections differed
significantly (alpha = 0.05) fromthe other two.
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Tabl e 5. —Nunber of fish nmeasured (N),
equations (B, = constant and B;
describing growth in weight with fork length (FL) for wild
subyear|ing chinook sal non collected in the upper and | ower

geonetric nean (GV
= sl ope coefficient) for

reaches of the Snake River and the |ower C earwater River, 1992—
2000.
Mean Mean GM equat i on
FL+SD Wi ght +SD

Year N (M (9) B, B, r? P

Upper Reach Snake River
1995 722 65.0+16.995 3.8+43.245 -5.834 3.479 0.985 <0.0001
1996 122 64.5+13.119 3.5+2.493 -5.655 3.392 0.987 <0.0001
1997 115 77.4+10.975 6.0+2.722 -5.832 3.483 0.981 <0.0001
1998 1,068 64.2+14.892 4.3+3.102 -5.616 3.380 0.983 <0.0001
1999 1,580 67.4+14.340 4.1+3.045 -5.706 3.414 0.984 <0.0001
2000 1,452 58.1+19.656 2.9+3.575 -5.725 3.409 0.985 <0.0001

Lower Reach Snake Ri ver
1992 1,205 69.0+12.274 4.1+2.486 -5.329 3.206 0.958 <0.0001
1993 2,042 65.8+15.555 3.1+3.089 -5.237 3.163 0.952 <0.0001
1994 4,124 64.3+15.670 3.5+2.840 -5.612 3.353 0.962 <0.0001
1995 1,116 61.1+16.848 3.3+3.228 -5.819 3.479 0.968 <0.0001
1996 942 60.9+11.365 3.4+2.928 -5.573 3.349 0.978 <0.0001
1997 1,029 66.4+16.144 4.3+3.169 -5.500 3.317 0.980 <0.0001
1998 2,404 63.6+14.880 3.7+2.789 -5.414 3.270 0.977 <0.0001
1999 1,916 62.2+15.682 3.3+2.827 -5.684 3.398 0.982 <0.0001
2000 1,924 61.4+16.383 3.0+2.963 -5.672 3.388 0.981 <0.0001

Lower Cl earwater River
1993 371 68.0+12.821 3.9+2.290 -5.222 3.146 0.958 <0.0001
1994 993 66.7+11.488 3.8+1.949 -4.505 3.479 0.966 <0.0001
1995 165 61.7+11.401 2.9+1.739 -6.370 3.784 0.928 <0.0001

46



significantly anong the three production areas (F = 4.30; P <
0.05). The slope coefficient of the lower Clearwater River GV
regression equation was significantly larger (q = 7.569; P <
0.05) than the slope coefficients of either Snake River
equation. However, the grand mean sl ope coefficients were
simlar (upper reach Snake River = 3.426+0.040; |ower reach
Snake River = 3.325+0.093; lower Clearwater River = 3.470+0. 262)
and did not support a consistent difference over years for the
rel ati on between wei ght and fork | ength.

Condition factors, K, for parr during rearing in 1995 were
simlar anong production areas (upper reach of the Snake R ver N
= 605, nmean = 1.1+0.142; |ower reach of the Snake River N = 887,
mean = 1.1+0.156; |lower Clearwater River N = 152, nean =
1.1+40. 171)(Table 6), and there was no significant difference
anong the neans (one-way ANOVA, DF = 2; MSE = 0.0233; F = 0.96;
P = 0.382). The grand nean condition factor for parr was
1.2+0. 050 for the upper reach of the Snake R ver, 1.1+0.050 for
the | ower reach of the Snake River, and 1.1+0.047 for the | ower
Cl earwater River (Table 6), which corroborates a consistent
simlarity in condition factor over years anong parr of the
t hree production areas.

Absol ute growh rate for parr during shoreline rearing in
1995 was fastest in the upper reach of the Snake River (N = 145;
mean = 1.2 nmd; SD = 0.253) and simlar between parr in the
| ower reach of the Snake River (N =78; mean = 1.0 i d; SD =
0.353) and the lower Clearwater River (N = 18; nean = 0.9 nm d,
SD = 0.428)(Table 6). Parr growh rates in 1995 differed
significantly (one-way ANOVA, DF = 2; MSE = 0.095; F = 23.24; P
< 0.0001). Gowh rate was significantly (P < 0.05) faster for
parr in the upper reach of the Snake River. There was no
significant difference between growh rates of parr in the |ower
reach of the Snake River and the |ower C earwater R ver. The
grand nean growth rates cal cul ated for parr (upper reach of the
Snake River = 1.2+0.090 mm d; |ower reach of the Snake River =
0.9+0.113 mm d; lower Clearwater River = 0.8+0.094 nm d)(Tabl e
6) corroborate a consistent difference over years in parr growh
rates anong the three production areas.

Condition factor K for was simlar anong snolts fromthe
three production areas that were recaptured during early seaward
mgration at Lower G anite Damin 1995 (upper reach of the Snake
River N = 131, nean = 1.4+0.168; |ower reach of the Snake River
N = 143, nmean = 1.4+0.272; lower Clearwater River N = 14, nean =
1.440. 116) (Tabl e 6), and there was no significant difference
anong the neans (one-way ANOVA, DF = 2; MSE = 0.0508; F = 1.16;
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Tabl e 6. —Mean condition factors (K) and absolute growh rates
for wild subyearling chinook sal non parr during rearing that
were collected in the upper and | ower reaches of the Snake and

| ower Cl earwater River in a beach seine, and for snolts that
were recaptured at Lower Granite Damor Little Goose Dam 1992—
2000.
Par r Snol t
G owt h+SD G owt h+SD
Year N K+SD N (mrd) N K+SD N (mrd)
Upper Reach Snake River
1995 605 1.1+0. 142 145 1.2+0.253 131 1.4+0.168 132 1.3+0.170
1996 112 1.2+0.105 19 1.1+0.245 12 1.140.049 9 1.3+0.133
1997 114 1.2+0.109 20 1.3+0.322 17 1.140.096 19 1.2+0.143
1998 980 1.2+0.129 110 1.1+0.295 84 1.1+0.091 105 1.4+0. 147
1999 1,489 1.1+0.119 168 1.3+0.315 —- --------- —— e
2000 932 1.1+0.115 95 1.3+0.202 —- --------- —_—— meee- -
G and
nmeans 1. 2+0. 050 1.2+0. 090 1.2+0. 130 1.3+0. 071
Lower Reach Snake River
1992 1,194 1.1+40.130 66 0.9+0.340 --- --------- 17 0.9+0. 228
1993 2,042 1.2+0.200 203 0.7+0.361 --- --------- 114 1. 3+0. 232
1994 3,713 1.1+40.130 343 1.1+0.345 115 1.3+0.128 115 1.2+0. 248
1995 887 1.1+0.156 78 1.0+0.353 143 1.4+0.272 153 1.4+0.168
1996 713 1.2+0.134 49 0.9+0.384 48 1.2+0.144 48 1.3+0.193
1997 922 1.2+0.130 80 0.8+40.310 59 1.2+0.092 61 1.3+0.151
1998 2,141 1.2+0.178 129 0.9+0.309 139 1.2+0.098 139 1.4+0.228
1999 1,641 1.1+0.118 92 1.0+0.309 —- --------- —— e
2000 1,551 1.1+0.113 44 1.0+0.275 —- --------- —_—— meee- -
G and
nmeans 1. 1+0. 050 0.9+0. 113 1. 3+0. 048 1. 3+0. 159
Lower Cl earwater River
1993 358 1.1+0.132 56 0.9+0.438 —- --------- —_—— meee- -
1994 940 1.2+0.133 49 0.7+0.297 —- --------- —— e
1995 152 1.1+40.171 18 0.9+0. 428 14 1.4+0.116 15 1.3+0.303
G and
means 1. 1+0. 047 0.8+0. 094 n/ a n/ a




P = 0.315). The grand nean condition factor for snolts was
1.2+0. 130 for the upper reach of the Snake R ver and 1.3+0.080
for the | ower reach of the Snake River (Table 6), which
corroborates a consistent simlarity in snolt condition factor
over years between these two production areas.

Mean fork length in 1995 was 142.9 nm (SD = 16.609) for
snolts fromthe upper reach of the Snake River, 151.3 mm (SD =
20.853) for smolts fromthe | ower reach of the Snake River, and
140 mm (SD = 34.597) for snolts fromthe | ower C earwater River.
Mean fork length of snolts for other years ranged from111.5 to
144.6 mm  Absolute growh rate during early seaward m gration
in 1995 was fastest for snolts fromthe | ower reach of the Snake
River (N = 150; Mean = 1.4 mm d; SD = 0.168) and sim |l ar between
snolts fromthe upper reach of the Snake River (N = 132; Mean =
1.3 mmd; SD = 0.170) and the |l ower C earwater R ver (N = 15;
Mean = 1.3 nmd; SD = 0.314)(Table 6). Snmolt growth rates in
1995 differed significantly (one-way ANOVA, DF = 2; MSE = 0.032;
F =580, P=0.0034). Gowth rate was significantly (P < 0.05)
faster for smolts fromthe | ower reach Snake River, but not
significantly different between snolts fromthe upper reach of
the Snake River and |lower C earwater River. The grand nean
gromh rates calculated for snolts fromthe upper and | ower
reaches of the Snake River were 1.3+0.071 mmd and 1.3+0. 159
(Tabl e 6), which does not support a consistent difference in
gromh of snolts over years between these two production areas.

Di scussi on
Early Life History

We found that fry energence was conplete fromlate April to
| ate May in the upper reach of the Snake River, late May to
early June in the | ower reach of the Snake River, and early to
late July in the |ower Clearwater River. Fry energence was
conplete by md-May in the historic production area of the Snake
Ri ver near Marsing, |daho (Krcma and Ral ei gh 1970). Past and
present timng of fry enmergence corresponds with water
tenperatures during winter and early spring when eggs are
i ncubating. The historic production area was the warnest and
produced the earliest enmerging fry, and the | ower C earwater
River is the col dest and produces the | atest energing fry. W
conclude that fry energence is later in present-day production
areas than was observed in the historic production area because
of differences in water tenperature during winter and early

spri ng.
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The timng of fry energence is inportant because it hel ps
to determine the environnmental conditions young fall chinook
sal non are exposed to throughout their freshwater life cycle.
Fry emergence for other stocks of inland wild fall chinook such
as the Deschutes River and John Day River stocks in Oregon, and
t he Hanford Reach stock of the Colunbia R ver, Washington is
typically conplete between April and early-June (O egon
Department of Fish and WIldlife, unpublished data; Washi ngton
Department of Fish and WIldlife, unpublished data; Dauble et al.
1989). The presence fry in late June and early July in the
| ower reach of the Snake River and the |ower Clearwater River is
| ater than normal for inland fall chinook sal non, and these |late
energing fry nust rear during m d-sunmer when environnenta
conditions are |less favorable for growh.

We found that shoreline rearing by parr was conplete from
m d-June to early July in the upper reach of the Snake River,
md-May to md-July in the |ower reach of the Snake Ri ver, and
early to late July in the lower Clearwater River. Personnel of
the I daho Departnent of Fish and Gane trapped juvenile chinook
salnon in the upper reach of the Snake River during the spring
and sumrer of 1956 before the construction of the Hells Canyon
Compl ex. Parr averaging 66 mmfork length (N = 119; range 51 -
85 nm were captured throughout the nonth of May, but none were
captured in June (R Bell, Idaho Departnent of Fish and Gane,
unpubl i shed data). The fork |engths of parr we collected in the
upper reach of the Snake River (range of nmeans = 58 to 77 nm
were simlar to those neasured in 1956, but the tinme of
collection was nmuch later in our study. W believe that parr
fromall three present-day production areas are present al ong
the shorelines later in spring and early summer than before dam
constructi on.

Parr were present along shorelines of the | ower reach of
t he Snake River and the |lower Cl earwater rivers nuch later than
parr in the upper reach of the Snake River. W suspect that the
parr remained in the |ower reach of the Snake Ri ver and the
| ower Cl earwater River |onger because fry emerged |ater and did
not grow to snolt size (e.g., Folmar and Di ckhoff 1980;
Wedeneyer et al. 1980) as early as parr in the upper reach of
the Snake River. Water tenperature may al so influence the
duration of shoreline rearing by fall chinook sal non parr.
Curet (1994) reported that the juvenile fall chinook sal non
reared along the shoreline of Lower Granite Reservoir later into
the year when the water was cool, and that dispersal fromthe
shoreline occurred when water tenperature exceeded 18.0°C. W
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found that parr were absent along the shoreline of the Snake
River by the tinme water tenperature exceeded 21.0°C. W concl ude
that late fry energence coupled with water tenperatures that
remain cool later into the year contributes to protracted
rearing by fall chinook salnmon in all three present-day
producti on areas.

On average, only 50% of the subyearling snmolts fromthe
upper reach of the Snake River passed Lower G anite Dam by early
July. Passage was even |ater for subyearling snolts fromthe
| ower reach of the Snake River (50% passage by m d-July) and the
| oner Cl earwater R ver (50% passage by m d- Septenber). Many
present-day snolts pass downstreamin Lower G anite Reservoir
wel | after spring-runoff is conplete, when flow in the Snake
River is low (e.g., 1995 range 1,068 to 2,174 nt/s), and water
tenperature is over 20.0°C (e.g., 1995 maxi num 21.5°C). Mins
and Smth (1956) nonitored snolt passage between the present
| ocati ons of Lower Granite and Little Goose dans using a trap
that spanned the river’s width. Snolt passage in 1954 ended by
| at e June before the conpletion of spring runoff when river flow
was approxi mately 3,400 nt/s and water tenperature was
approxi mately 16°C, and snolt passage in 1955 ended in early July
concurrent to peak spring run-off at a flow of approxi mately
5,000 n¥/s when water tenperature was approxi mately 13°C (Mai ns
and Smth 1956). W conclude that seaward migration by
subyearling fall chinook salnon snolts during the post-damera
begins | ater and continues |onger into the sumrer than during
the pre-damera, and that present-day snolts are exposed to much
har sher environmental conditions than their historic
counterparts.

Juvenile fall chinook sal non produced in the | ower reach of
the Snake River and |lower C earwater River were nost likely to
residualize in reservoirs and conplete seaward m gration as
yearling snolts (upper Snake River 1.5% |ower Snake River
11.2% lower Clearwater River 52.1%. To our know edge, no
other inland rivers supporting fall chinook salnon in the
Col unmbi a Ri ver basin produce juveniles that residualize in
freshwater at rates as high as 52. 1% Researchers have proposed
that age at seaward migration decreases as growh rate increases
(Thorpe 1989; Metcal fe and Thorpe 1990; Tayl or 1990; D ckhoff et
al . 1997; Beckman and Di ckhoff 1998; Connor et al. In reviewd).
We conclude that relatively late fry emergence coupled with
relatively slow growmh during rearing helps to explain why nmany
fall chinook salnmon fromthe | ower reach of the Snake River and
the lower O earwater River conplete seaward migrati on one year
| ater than normal as yearling snolts.
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G owt h

The sl ope coefficients for the GM equati ons describing the
rel ati on between fork Iength and weight for fry and parr that
reared al ong the upper and | ower reaches of the Snake Ri ver and
the lower Cearwater River ranged from 3.146 to 3.784. The
sl ope coefficients of |ength-weight regression equations reflect
habitat productivity (Becker 1973). Becker (1973) reported a
regression equation Log;oY = -12.52 + 3.31*Log.0X for the Hanford
Reach whi ch supports a healthy run of wild fall chinook sal non
(Daubl e and Wat son 1997). The sl ope coefficient in the Hanford
Reach equation is less than 14 of 18 sl ope coefficients we
reported. We also found that parr in the upper reach and | ower
reaches of the Snake River and | ower C earwater River were
robustly shaped (range of K= 1.1to0 1.2). W conclude that the
potential for growmh in weight with fork length is high in al
three present-day Snake River fall chinook sal non production
ar eas.

Parr grew fastest in the upper reach of the Snake R ver
(grand nmean = 1.2+0.090 m d) conpared to growh of parr in the
| ower reach of the Snake River (grand nmean = 0.9+0.113 nmi d) and
the lower Clearwater R ver (grand nmean = 0.8+0.094 mmid). Fal
chi nook sal non growt h i ncreases as water tenperature increases
within a range of 10.0 to 18.3°C (Banks et al. 1971). In 1995,
war mer water tenperatures during rearing explains why parr grew
faster in the upper reach of the Snake River (nean = 14.3°C) than
in the lower reach (nean = 13.3°C). However, parr in the |ower
Clearwater River in 1995 were exposed to the warnest water
tenperatures during rearing (mean = 15.1°C), but grew the
sl owest. Photoperiod, on the other hand, was increasing when
parr were rearing in the upper reach of the Snake River and
decreasi ng when parr were rearing in the lower C earwater River
Thorpe et al. (1989) concluded that growh of Atlantic sal non
Sal no sal ar parr decreases soon after day length begins to
decline. W conclude that parr fromthe upper reach of the
Snake Ri ver had the highest growh rates because fry energence
is early enough to allow parr to rear during periods of
i ncreasing day length, and water tenperatures in the upper reach
are warner and nore favorable for growh

Gowth rate for fish that successfully snolted and began
early seaward mgration was rapid each year regardl ess of
production area (range 0.9 to 1.4 mid), and snolts coll ected
after passing Lower Granite Dam averaged from 112 to 151 mm fork
l ength with conditions factors ranging from1l1l.1. to 1.4. Gowh
rate reported for subyearling chinook salnmon rearing in
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productive estuaries ranged from0.4 to 1.3 mid (Heal ey 1980;
Kjelson et al. 1982), and snolts collected in the Snake Ri ver
fromApril to June before dam construction averaged 83- to 103-
mmfork I ength. W conclude that parr that successfully snolt
continue to grow rapidly both in I ength and wei ght during the
period of time required to pass downstreamin the inpounded

| ower Snake River.

Managenent | nplications

Construction of the Hells Canyon Conpl ex reduced the
production potential of the Snake River basin for fall chinook
sal non. Spawners were displaced fromthe historic production
area of the Snake River near Marsing, |daho, which was warner
during egg incubation and rearing than any present-day
production area. Consequently, young fall chinook sal non from
present -day production areas energe, rear, and begin seaward
mgration |later than was observed for fall chinook salnon in the
hi storic production area. Releases of cool reservoir water from
the Hells Canyon Conplex may al so keep water tenperatures in the
upper and | ower reaches of the Snake Ri ver cooler |onger into
the spring and sunmer than before dam construction, thereby
further delaying fry enmergence and prol ongi ng shoreline rearing.

Construction of Dmrshak Dam and rel eases of water from
Dwor shak Reservoir made the | ower Clearwater River nore suitable
for fall chinook salnon. There is no conclusive evidence that
the lower O earwater River ever supported fall chinook sal non,
and based on the early life history timng and growh statistics
we reported, it is still marginal habitat even though it is
war ner than before construction of Dworshak Dam I n sone years,
the lower Clearwater River produces juveniles that have a
“streamtype” (Healey 1991) early life history, opposed to the
the typical “ocean-type” (Healey 1991) early life history of
inland fall chinook salnon. Rates of residualismas high as
85.7%in 1994 may be an unintended result of releasing cool
wat er from Dworshak Reservoir for sumer flow augnmentation
Large vol umes (approxi mately 609 n¥/s/d) of 8.2°C water rel eased
in July, 1994 decreased water tenperatures in the |ower
Clearwater River from19.5 to 8.8°C. This 10.7°C drop probably
wor ked in concert with decreasing day length to cause the high
rate of residualismby decreasing growh of parr that were stil
rearing and had not reached snolt size. 1In contrast to 1994,
smal | er vol umes (approxi mately 381 ni/s/d) of 10.8°C water
rel eased from Dworshak Reservoir in July and August of 1995
resulted in a drop from19.8 to 13.0°C, and only 6.3% of fish
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fromthe |lower Cearwater River residualized and conpl et ed
seaward mgration as yearling snolts.

Construction of Lower Granite Dam and the seven ot her
mai nstem dans | ocat ed downstream reduced the production
potential of the Snake River basin for fall chinook salnmon. To
reach the sea, present-day snolts pass fromthe relatively high
velocity waters of the Snake and Cl earwater rivers into the
relatively low velocity waters of downstreamreservoirs. Fal
chi nook sal non snolts mgrate downstream faster in high velocity
water than in low velocity water. Radio-tagged wild Snake River
fall chinook salnon snolts m grated downstream over 26 tines
faster in the upper end of Little Goose reservoir which includes
a short reach of high velocity water, than in the relatively | ow
velocity water in the forebay of Little Goose Dam (Venditti et
al. 2000). Venditti et al. (2000) concluded that the reduction
in downstream m gration rate was caused by decreased wat er
velocity in the dam forebay.

In summary, the construction and operation of dans
elimnated adult Snake River fall chinook sal non passage to the
nost productive habitat, changed the water tenperature regi ne of
the remaining habitat and thereby the rate at which early life
hi story events proceed, and then inpounded the mgration route
thereby extending the tine it takes snolts to reach the sea. As
a direct consequence of dam construction, present-day Snake
Ri ver fall chinook sal nobn snolts pass downstreamin reservoirs
during md-to-late sumrer when river conditions are unfavorable
for survival. The Snake River fall chinook sal non popul ation
was |isted for protection under the Endangered Species Act in
1992 (NVFS 1992), thus pronpting | arge-scale efforts such as
summer fl ow augnentation to increase downstream mgration rates
and passage survival of snolts (NMFS 1995). Prelimnary
findi ngs suggest that sumrer flow augnentation increases snolt
survival to Lower Ganite Dam (Connor et al. 1998). A better
under standing of the efficacy of sumer flow augnmentation will
be required to evaluate the potential for Snake R ver fal
chi nook sal non recovery in the presence of dans.
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| nt roducti on

The Hanford Reach is the only uninpounded section of the
Col unbi a Ri ver between Bonneville Dam and t he Canadi an border.
The remai nder of the Colunbia R ver above Bonneville Dam has
been transformed into a series of reservoirs by hydroelectric
devel opment. Because the Hanford Reach mai ntains many of the
riverine processes that no | onger exist in the inpounded
Columbia River, it supports the |argest popul ation of fal
chi nook sal non Oncor hynchus tshawytscha in the Col unbia River
Basin (Huntington et al. 1996; Dauble and Watson 1997). Fal
chi nook sal non are unique in that they spawn and rear in main-
stem habitats rather than in tributaries |ike many ot her
sal nonids. Each year the Hanford Reach produces an esti mated
25-30 mllion natural juvenile salnmon (P.G Wagner, WAshington
Department of Fish and WIldlife, personal conmunication), which
rear al ong shall ow mai n-stem shorelines for 2-4 nonths before
m grating seaward during the sumrer.

Upstream hydroel ectric dans regul ate fl ows through the
Hanf ord Reach with Priest Rapids Dam at the head of the Reach
exerting the greatest |ocal influence. Changes in discharge at
Priest Rapids Damto neet power denmand, termnmed power peaking,
can cause tail-water elevations to fluctuate in excess of three
vertical nmeters within hours (U. S. GCeol ogi cal Survey, gage
station 12472800, unpublished data). These fluctuations can
potentially change the anmbunt of rearing habitat available to
juvenile fall chinook salnmon on a daily and hourly basis. The
repeated drying and rewetting of shoreline substrates resulting
fromflow fluctuations may also |[imt the production of
macr oi nvertebrates, which juvenile fall chinook sal non use as
food (Becker 1973; Dauble et al. 1980; Cushman 1985; G sl ason
1985). Sharp decreases in flow al so strand and entrap fal
chi nook sal non when water rapidly recedes from | ow gradi ent
shoreline habitats (Wagner et al. 1999), which can result in
significant nortality of young sal non.

Since the production of juvenile fall chinook salnon in the
Hanford Reach is partially dependent upon rearing habitat
quality and quantity, it is inportant to understand the
i nfluences of annual and daily variations in discharge.
Currently there is no estimate of the area of rearing habitat
avai lable to juvenile fall chinook salnon in the Hanford Reach,
nor is there an understanding of how this area varies with
changes in discharge. To mnimze the stranding and entrapnent
of fish stemmng fromwater |evel fluctuations, fishery managers

have limted flow fluctuations at Priest Rapids Damto +566 ni/s
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when no spill is occurring, and to #850 nf/s when the damis
spilling water at average weekly flows <4,814 nmi/s. The
objective of this study was to quantify the effects of flow
fluctuations on the area of juvenile fall chinook sal non rearing
habi tat and entrapnent areas.

St udy Area

The Hanford Reach extends 90 km from Ri chl and, WAshi ngt on
upstreamto Priest Rapids Dam (Figure 1). W restricted our
study to a 33-km area between river kilometers (Rkm 572 and 605
(measured fromthe river nouth). This area supports |arge
nunbers of rearing juvenile fall chinook sal non and contains a
range of geonorphic and hydraulic features. W further divided
this area into three reaches. The |ower reach was | ocated
bet ween Rkm 572 and 582 and was characterized by relatively
sinple, linear shorelines. The mddle reach was | ocated between
Rkm 582 and 594 and was characterized by | arge sl oughs and snal |
i sland conpl exes. The upper reach was | ocated between Rkm 594
and 605 and was characterized by |arge islands and steep bluffs
on the north side of the river.

Met hods
Ri ver bed bat hynetry

We required a high-resolution, digital elevation nodel of
the study area for two-dinensional hydraulic nodeling and a
Geographic Information System (A S)-based anal ysis of juvenile
fall chinook salnmon rearing habitat. W conducted an airborne
LI DAR (Li ght D stance and Rangi ng) survey of 33 km of the
Hanf ord Reach between Rkm 572 and 605 during late July, 1998.
LI DAR can produce highly accurate el evation data over a |arge
area and has the ability to collect data both above and bel ow
the water surface (Guenther et al. 1996; Lillycrop et al. 1996;
Parson et al. 1996). LIDAR operates on principles simlar to
SONAR except that the distance to an object is determ ned using
a laser instead of sound. A LIDAR surveying unit was attached
to the bottomof a helicopter whose position and altitude were
determ ned using a kinematic global positioning system (GPS).
Ki nemati ¢ GPS base stations were established to reference al
data to known el evati ons and geographi c positions. Surveys were
flown at an altitude of 200 mto obtain a density of one sanple

point for every 16 nf. Horizontal accuracy of positions was <#3

m and vertical accuracy was <+15 cm (Lillycrop et al. 1996).
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Figure 1.-The Hanford Reach of the Colunbia River in
Washi ngton showing the river kilonmeters that delineated our
study area along with the divisions between the |ower, mddle,
and upper reaches.
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W limted our LIDAR survey to shoreline areas because they
contain inmportant rearing habitats for juvenile fall chinook
sal non. W surveyed the area between shorelines created at
flows of 1,416 n¥/s and 11,328 ni/s, which were deternmined froma
one-di nensi onal hydraulic nodel (MASS1) devel oped for the
Hanford Reach (Battelle Pacific Northwest Laboratory,
unpubl i shed data). Flows are typically within this range during
the juvenile fall chinook sal non rearing period. W had
hydr osyst em operators reduce Col unbia River flows to 1,416 nv/s
in the Hanford Reach during our LIDAR survey to dewater as much
of the river channel as possible to inprove data quality. CQur
LI DAR survey intentionally did not include the east side of
Savage Island (Figure 1) because water only flows there at very
hi gh di scharges and it is usually unavailable to juvenile fal
chi nook sal non.

The LIDAR data, which contained over 2.2 mllion riverbed
points, was put into a A@S to create a bathynetric coverage of
the study area. Since dense vegetation such as bushes and trees
cause false elevations in LIDAR data, we manual ly renoved these
fromthe data set and interpol ated ground el evations for those
areas. Video records collected during the survey confirned the
| ocati ons of dense vegetation. Because our survey did not cover
the center of the river channel, we conpl eted our bathynetric
coverage using depth data collected al ong cross sections spaced
every 0.4 kmthroughout the study area (U. S. Arny Corps of
Engi neers, unpublished data). The conbined riverbed
t opographi es were used to create a A S raster grid coverage with
a uniform25 nf cell size. The positional and el evation
conponents of each cell were then output to a file as a list of
points for use in hydrodynam c nodel i ng.

Hydr odynam ¢ nodel i ng

Dept h-averaged water velocities were estimated for the
Hanf ord Reach study area under a range of discharges likely to
be encountered by rearing fall chinook sal non. W nodel ed wat er
velocities at steady-state flows ranging from1,416 to 11, 328
m/s in 283 ni/s increments using a two-di mensional hydrodynamni c
nodel (RIVER 2D; Ghanemet al. 1996). This nodel applies a two-
di rensional finite-element nethod to solve the shall ow water
fl ow equations. Mdel inputs included riverbed topography with
geographi c position, elevation, and substrate roughness (height)
information, as well as the inflow discharge and the water-
surface elevation at the downstreamend of the nodeled area. W
used a substrate roughness of 0.1 mfor each riverbed point
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because the bed surface within our study area was generally
snoot h.

Position, elevation, and riverbed substrate roughness data
were then used to create a triangul ated nmesh of points, or nodes
(N=68, 444), for use in the hydrodynam c nodel. After the
conput ati onal nesh was generated and snoot hed, an infl ow
di scharge (nf/s) was assigned to the upper end of the nodel ed
area, and a correspondi ng water-surface el evati on was assi gned
to the downstream end. Downstream water-surface el evations at
steady-state flows were obtained fromthe MASS1 one-di nensi onal
hydraulic nodel. Using the constraints of inflow discharge and
downst ream wat er - surface el evati on, the hydrodynam c node
produced wat er depth, water-surface elevation, velocity, and
flow direction values for each node.

W validated the velocity outputs fromthe hydrodynam c
nodel using enpirical data collected with an acoustic Doppl er
current profiler (ADCP). W collected velocity data al ong cross
sections at two locations at flows of 4,246 n'/s and 6,230 ni/s.
One cross section was | ocated at Rkm 581 where the river channel
was relatively sinple, and the other was at Rkm 583 downstream
of a large slough where the channel was nore conplex. The cross
section at Rkm 583 was noved 0.4 km downstream when the fl ow was
4,246 ntls because of an island that appeared at this discharge.

W nmeasured water velocities in bins that were 5-mlong and
0.5-m deep al ong each cross section. The m dpoint of each bin
was georeferenced using a GPS. Bin velocities were averaged to
determ ne the water colum velocity at each bin |ocation
Vel ocities at each cross section were neasured 10 tines at each
site and flow to capture the variation caused by water
turbul ence. Polynom al regression was then used to fit the best
lines to the average water colum velocities nmeasured by the
ADCP (SAS 1998). Measured water velocities were graphically
conpared to those predicted by the nodel at each site and flow.

G S

Water velocities and depths derived fromthe RIVER 2D
hydr odynam ¢ nodel for each nodeled flow were put into a raster
format in a GS. Both of these habitat netrics were
interpolated to 16-nf cell grids using an inverse distance
wei ghted (I DW interpolator (Watson 1994; ESRI 1998). A 16-nf
cell size was selected to maintain consistency with the LIDAR
cell sizes. The slope of each 16-nf LIDAR cell was cal cul ated in
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G S as a grid-based two-di nensional slope and was expressed as a
percent (Burrough 1986; ESRI 1998).
Reari ng habit at

Data coll ection.-W determned juvenile fall chinook sal non use
of shoreline habitats in the Hanford Reach using point

el ectroshocki ng (Persat and Copp 1990) in 1994 and 1995. W
sanpled fromlate April through May when juvenile fall chinook
sal nron were nost abundant. W stratified our sanpling to

i nclude different habitat conbinations, avoid duplication of
effort, and mnimze sanple bias. Three matrices were
constructed with different conbinations of habitat variables to
gui de sanpling and included (1) velocity x depth, (2) velocity x
substrate, and (3) depth x substrate. Targeted velocities
ranged fromO to >0.4 ms and were divided into 0.1-m's
categories. Depths ranged fromO to >3.3 mand were divided
into 0.6-mcategories. Substrate sizes ranged from<1l mmto >256
mm and were divided into five categories: <1 mm 1-4 mm 4-16
nmm 16-256 nm and >256 nm Habitats were randonmy sel ected and
sanpled to collect at |east three observations for each matrix
cell.

Data were collected using a 5.5-melectrofishing boat with
two 1.0-munbrella anode arrays and an el ectrical output of 2
anps at 60 pulses/s DC. W collected a sanple by driving
directly towards the shoreline, abruptly stopping the boat, and
shocking an area for at least 8 s. This allowed us to shock a
| ocal i zed, stationary area with mnimal forewarning to fish. At
the end of the shock, a buoy was set to mark the area where fish
wer e observed, or the center of the shocked area if fish were
absent. Fish were visually identified and enunerated by
counting stunned fish and collecting a sanple of the stunned
fish with dipnets (Crozier and Kennedy 1994). W hereafter
refer to the nunber of fish caught and observed as “catch”.

Physi cal characteristics were nmeasured at each site to
describe habitat. Witer velocity was neasured to the nearest
0.01 ms using a current neter at the point of shock and at 15 m
fromshore. Water depth and flow direction were coll ected
concurrently with velocity neasurenents. Distance of the point
of shock to the shoreline was neasured to the nearest 1 cm At
t he point of shock, substrate size was visually assessed based
on a Wentworth classification nodified fromOth (1983).

Logistic regression.-W constructed a |ogistic regression nodel
to predict the probability, P, of juvenile fall chinook sal non
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presence in i nearshore habitat cells given habitat
characteristics of each cell. P, can be expressed as:

e

T 1+ e

where g(x) is the linear conbination of paraneter estimates of
the predictor variables. W only considered habitat variables
that were conpatible with a GS, which included water velocity,
dept h, distance to shore, substrate, and | ateral slope. Latera
sl ope was cal cul ated by dividing the depth at the point of shock
by the distance fromshore and nultiplying the quotient by 100.
Substrate categories were converted to design variables with
fine substrate (<1 nm serving as the reference category.

Because nean fish sizes did not differ by nore than 7 mm
all sanpling data from 1994 and 1995 were pool ed to increase
sanpl e size for nodel devel opnent. Fish presence was assignhed a
value of O if fish were caught or observed and 1 if fish were
absent from sanpl es.

Model devel opnent began by regressing fish presence agai nst
each habitat variable separately to determne if each one-
vari abl e nodel was significantly different fromthe constant-
only nodel. This was done using the likelihood ratio test,
whose statistic, G is equal to mnus twce the difference
between the log |ikelihoods of the two nodels. This statistic
was then conpared to the chi-square distribution with 1 df at
a=0. 05 (Hosnmer and Leneshow 1989). Habitat variables with P
val ues <0.25 were considered as candidates for multivariate
anal yses.

One of the assunptions of |ogistic regression regarding
continuous variables is that the rel ationship between a
predictor and the logit will be linear. This assunption was
exam ned follow ng the nethods of Demaris (1992) for velocity
and |l ateral slope, which were identified as significant
continuous variables in univariate anal yses. Because this
assunption did not hold for these variables, we nodel ed them as
design vari abl es (Hosner and Lemeshow 1989; Hardy 1993).

Mul tivariate logistic regression proceeded by estimating a
nodel that included all variables that were significant in
uni vari ate anal yses. Variables were then renoved one at a tine
based on their WAl d chi-square statistic. The inportance of
each variabl e was determ ned using the likelihood ratio test for
the nodels with and wi thout the variable. A nonsignificant
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result indicated that the variable did not contribute to the
nodel. Significance was assuned at P <O0. 05.

The fit of our final nodel was eval uated using the Hosner-
Leneshow statistic (Hosnmer and Leneshow 1989), for which a high
P value, or nonsignificant result, indicates a good fit. W
eval uated the performance of our |ogistic regression nodel using
cross-validation. Cross-validation involves renoving one
observation fromthe data set and estimating the | ogistic nodel
usi ng the remai ni ng observations. The probability of fish
presence in the excluded observation is then estinmated according
to this nodel. This process is repeated for each observation in
the data set and classifications of fish presence and absence
are then tabul ated. Probabilities >20.5 were used to define fish
presence. Statistical analyses were perforned using SAS
software (SAS 1998).

Because the prior probabilities of fish presence and
absence were unequal, classification rates produced from cross-
val i dati on were tested agai nst those expected by chance by neans
of Cohen’ s kappa statistic (Titus et al. 1984). The val ue of
kappa ranges from zero to one, with zero indicating no
i nprovenent over random chance and one resulting from perfect
assignnment. An internediate val ue of kappa, such as 0. 70,

i ndi cates that classification of fish presence and absence is
70% better than a chance assignnent. N nety-five percent
confidence intervals (Cl) and the probability of kappa being
significantly different fromzero were al so cal cul at ed.

Predicting the quantity of rearing habitat.-W predicted the
quantity of juvenile fall chinook sal non habitat at different
river discharges by analyzing the G S data with the logistic
regression nodel. G S coverages were created for habitat

vari ables that were included in our final logistic regression
nodel. Habitat attributes of each G S cell were used in the

| ogi stic regression nodel to obtain the probability of fish
presence in each cell. W created a probability coverage in AS
and considered habitat cells with probabilities 20.5 to be
suitable for rearing juvenile fall chinook sal non. Because only
0.1% of all fall chinook sal non were caught in velocities
greater than 0.71 mis and in water deeper than 1.5 m we set
probabilities to O where velocities and depths exceeded these
thresholds. Finally, we sumred the areas of all cells with
probabilities 20.5 to determine the total anmount of potenti al
rearing area at each flow and in each reach
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The hydrodynam ¢ nodel enabled us to identify topographic
depressions that were disconnected fromthe main river channel
that could potentially entrap fish when fl ows decreased. W
cal cul ated the total area of disconnected pools that were
created in the study area when flows were decreased by 566 n¥/s
and 850 nt/s from each flow nodel ed. As nentioned earlier, these
are the daily flow decreases currently allowed by fishery
managers to mnimze the stranding and entrapnent of juvenile
fall chi nook sal non.

Results
Hydr odynam ¢ nodel i ng and val i dation

Al flows were successfully nodeled with the R VER 2D
hydr odynani ¢ nodel with the exception of 8,779 ni/s and 10, 762
m/s, because of conputational linmtations. The water velocities
predi cted by the hydrodynam c nodel were generally wthin the
observed variability of the ADCP data and were simlar to the
best-fitting polynom al regression lines. Figure 2 provides an
exanple of the generally close agreenent between observed and
predi cted water velocities at Rkm 581 at 6,230 n/s. The nodel
predi cted sl ower near-shore water velocities at Rkm 581 on the
west side of the river, but slightly higher velocities on the
east side of the river. On this side of the river, water
vel ocities were sl owed by subnerged vegetation that was not
accounted for by the nodel.

Fi sh catch

We col | ected 294 point-electrofishing sanples in 1994 and
1995. Fish were present in 198 of these sanples and absent in
the remaining 96. Catches of juvenile fall chinook sal non
ranged fromO to 1,031 fish with a nedian catch of 4 fish. The
di stribution of the nunber of fish caught or observed in sanple
sites was skewed to the left with 80% of the sites containing 35
or fewer fish (Figure 3). However, 7% of sanple sites had
catches of juvenile fall chinook sal non that exceeded 100 fi sh.
Mean fork length was 55 nm (N=57, std=6.7) in 1994 and 45 mm
(N=180, std 4.7) in 1995. Few fish were found in water faster
than 0.4 m's or over |lateral slopes steeper than 40% Fish were
generally captured within 25 mof shore and in water shall ower
than 2 m
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Figure 2.-Water velocities nmeasured with an ADCP and predicted
with the RIVER 2D hydrodynami ¢ nodel at a flow of 6,230 ni/s at a
sinple channel site (Rkm581) in the Hanford Reach of the
Columbia River. Open circles represent average water colum
vel ocities neasured with an ADCP for individual cross sections.
The solid line represents the best-fitting polynom al regression
line to the ADCP data while the broken |line represents water
velocities predicted by the nodel. The west shoreline is
represented by 0 on the X axis. The east shoreline shown is
approximately 30 mfromits true | ocation because the water
becane too shallow to collect ADCP data with a boat.
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Figure 3.-Frequency distribution of nunbers of juvenile fal
chi nook sal non caught or observed during point electrofishing in
t he Hanford Reach during 1994-95.
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Logi stic regression

Uni vari ate anal yses of fall chinook sal non habitat
vari abl es showed that each variable was significantly different
fromthe constant-only nodel wth the exception of substrate
variables. Qur final multivariate nodel included velocity and
| ateral slope (Table 1), and is expressed as:

g(x) = -3.19 + 2.23V; + 2.45V, + 1.96V;
+ 2.66S; + 2.42S, + 2.28S; + 1.04S,

where Vi.3 represent different categories of water velocity and
Si;.4srepresent different categories of lateral slope (Table 1).
Because velocity and | ateral slope were nodel ed as design

vari abl es, an individual variable will assune a value of 1 when
its category contains a nmeasure for a given habitat cell,
otherwse its value will be 0. Since our nodel contains only

di screte design variables, there are only 20 possible
probabilities that can be generated.

Lateral slope was slightly nore inportant than water
velocity in determining juvenile fall chinook sal non use of
rearing habitats. As the lateral slope decreased, the odds of
fish presence increased (Table 1). Slower water velocities were
al so associated with an increased probability of fish presence
with velocities ranging fromO0.1 to 0.2 m's producing in the
hi ghest probability of use (Table 1). The nunber of juvenile
fall chinook sal non caught or observed in rearing habitats
i ncreased as the probability of fish presence increased (Figure
4). Wth the exception of three observations, catches greater
than 100 fish were only associated with probabilities greater
t han 0. 8.

The Hosner-Lenmesshow statistic for our final nodel, 0.7613
(P=0.9931, 6 df), indicates a good fit to the data. The correct
cross-validation classification of fish presence and absence in
rearing habitats was 76% The correct prediction rate of fish
presence was 78% whereas fish were absent in the remaining 22%
of the habitats predicted to contain fish (error of conm ssion).
Conversely, fish were present in 31% of the habitats where our
nodel predicted themto be absent (error of om ssion). The
kappa statistic indicates that correct classifications were 41%
better than those expected by chance and that they were
significantly different from zero (kappa=0.41; 95% confi dence
interval (C) = 0.29-0.54; P<0.0001).
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Table 1.-Summary of the final |ogistic regression nodel used
to predict the probability of juvenile fall chinook sal non
presence in rearing habitats in the Hanford Reach. The category
of each design variable is shown with respective water
velocities >0.4 ms and | ateral slopes >40% serving as reference
categories. The likelihood ratio of the nodel was 72.7 with 8
df (P<0.0001).

Vari abl e Regression Standard QOdds

Vari abl e cat egory coefficient error ratio
| nt er cept -3.19 0. 652
Vel ocity (Vi) 0-0.1 m's 2.23 0. 484 9.3
Velocity (Vo) 0.1-0.2 mi's 2.45 0.543 11.5
Velocity (Vz) 0.2-0.4 m's 1.69 0. 507 5.4
Sl ope (1) 0- 10% 2.66 0. 564 14.3
Sl ope (S) 10- 20% 2. 42 0.555 11.2
Sl ope (Ss) 20- 30% 2.28 0. 563 9.8
Sl ope (S4) 30- 40% 1. 042 0. 650 2.8

®Design variable S, did not contribute significantly to the nodel
(P=0.1093).
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Reari ng Habi t at

Qur estimates of juvenile fall chinook sal non rearing
habitat varied with flow and by study reach. The anount of
suitable rearing area generally decreased as flows increased,
with the greatest decreases occurring as flows increased from
1,416 m/s to about 4,814 ni/s; Figure 5). The upper reach
contai ned the nost rearing area foll owed by the m ddle and | ower
reaches. Figure 6 provides a graphical exanple of rearing area
at Rkm 587 displayed in G S. The steeper shoreline on the right
side of the river contained |l ess suitable area than the islands
on the left side of the river where the velocities and | ateral
sl opes were | ower.

Shoreline conplexity, defined as the ratio of shoreline
|l ength to reach length, also varied by reach. The upper reach
was nost conplex at all flows (range 5.2-5.9), as indicated by
| arger val ues, followed by the mddle (range 3.7-4.5) and | ower
reaches (range 3.2-3.6). In addition, we sunmed the | engths of
shoreline that contained suitable rearing habitat cells to
determ ne what percent of the total shoreline was available to
rearing fall chinook salnon. The percentage of suitable
shorelines decreased as flow increased. For the entire study
area, the percent of suitable shoreline ranged from 77% at
11,328 mi/s to 97% at 1,416 ni/s.

Flow fluctuations of 566 nf/s had the smallest effect on
changes in the anobunt of juvenile fall chinook rearing area when
di scharges were between 3,682 ni/s and 7,080 n¥/s (Figure 7).
Changes ranged from-12.0 to +12.6 ha, which corresponded to -

6. 3% and +6. 8% of the total available rearing area,

respectively. Fluctuations of +566 n?/s produced the great est
changes in the anbunt of rearing area when di scharge was | ess
than 3,682 n?/s. Mbderate, but variable, changes occurred when
fl ows exceeded 7,080 n¥/s. Flow fluctuations of +850 m¥/s al so
had the snallest effect on rearing area gains and | osses when

fl ows were between 3,965 ni/s and 6,797 nmi/s (Figure 7). Changes
ranged from-9.5 to +14.5 ha, which corresponded to -5.2% and
+7.9% of the total available rearing area, respectively.

Entrapnent area

The area of pools that could potentially entrap juvenile
fall chinook salnmon in the Hanford Reach varied by study reach
and river discharge. The mddle reach contained nore than tw ce
as nuch entrapnent area at flows |less than 3,965 nt/s than the
| ower and upper reaches (Figure 8). Most of this area was
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Figure 6.-A G S display of juvenile fall chinook rearing area
at Rkm 587 in the Hanford Reach of the Colunbia River at a
nmodel ed flow of 4,248 ni/s. Black and dark gray shaded areas are
defined by the probability of fish presence in those areas with
probabilities =0.5 (bl ack) representing suitable area. The
entrapnment pool shown was connected to the river channel at a
fl ow of 5,098 ni/s.

77



80

566 M°/s
60 1 == -566 m’/s

40 A

L

o |l

0 } HH_H”L NN FIF - HHH
| [IT]” AT N“'II

-40 T T T T T T T T
1,416 2,832 4,248 5,664 7,080 8,496 9,912 11,328

350 m°/s
60 1 | = -850 m%/s

40 A

Rearing area gained or lost (ha)

il

lln i 1, gl 11
I 1| L A | ”I 1

-20 -

-40 T T T T T T T T
1,416 2,832 4,248 5,664 7,080 8,496 9,912 11,328

Modeled flow (m®/s)

Figure 7.-Juvenile fall chinook sal non rearing area gai ned or

| ost due to #566 ni/s (top panel) and +850 ni/s (bottom panel)
changes from nodel ed flows in the Hanford Reach.

78



’g 2 1 —— Lower reach

~ | .o e Middle reach

3 — — Upper reach

o

N’

@®

o

©

+— 1 7

c

<}

&

< ~

= R\

- ~

w | N N\ =TT .
0 _ - —_

1,416 2,832 4,248 5,664 7,080 8,496 9,912 11,328
Flow (m?/s)

Figure 8.-Potential entrapnent area created at different
steady-state flows in three Hanford Reach study areas.

79



formed by the separation of a |arge slough fromthe main river
channel in an island conplex known as the 100 F area. The
anount of entrapnent area in the mddle and | ower reaches was
much | ess at flows exceeding 4,814 ni/s, and in the upper reach
at flows greater than 4,531 n?/s. The |ower reach generally had
the | east anpbunt of entrapnent area and showed no great
variations with flow \Wen flows exceeded 7,080 nt/s, the upper
reach contai ned nore entrapnent area than other reaches,
primarily in the vicinity of Rkm 593.

W determ ned the anobunt of entrapment area formed from 566
m/s and 850 nt/s decreases fromeach river flow nodel ed. A 566
m/s drop in flow produced the greatest anount of entrapment area
at flows ranging from3,965 ni/s to 5,381 n¥/s (Figure 9). For
exanpl e, a decrease in flow from5,098 nt/s to 4,531 n?/s
produces a net increase of 15.7 ha of entrapnent area. Flow
reductions of 850 /s resulted in the creation of the nost
entrapnent area between flows of 5,381 n/s and 5,664 ni/s
(Figure 9).

Di scussi on

Physi cal habitat nodels, such as PHABSI M (Bovee 1982), are
commonly used in habitat assessments. PHABSI M i ncorporates one-
di nrensi onal flow nodel s and bi ol ogi cal nodels (HSI; Habitat
Suitability Indexes) to predict habitat availability in ternms of
wei ght ed usabl e area (WJA). However, PHABSI M has t he drawbacks
of sinplistic hydraulic assunptions and often requiring high
effort (Ghanemet al. 1996; Kondolf et al. 2000). Technol ogi cal
advances in renote sensing and conputers nmake it possible to use
nore refined tools (e.g., two-dinensional hydrodynam c nodel s,
GS) to provide nore detailed and realistic habitat assessnents
wth less effort (Leclerc et al. 1995).

The hi gh-resol ution bathymetry collected with LI DAR enabl ed
us to use a two-di nensional hydrodynam c nodel and a AS to
gquantify the anount of juvenile fall chinook sal non rearing area
over a broad, conplex geographic area at 34 different discharges
in the Hanford Reach. Recently, Guay et al. (2000) used a two-
di mensi onal hydrodynam ¢ nodel in conjunction with both HSI and
| ogi stic regression nodels to predict the distribution of
juvenile Atlantic salnon Salno salar in the Sainte-Mrguerite
Ri ver, Quebec. Leclerc et al. (1995) al so denonstrated the
utility of using a two-dinensional hydrodynam c nodel with HSIs
to nodel juvenile Atlantic sal non habitat.

80



20

566 m°/s flow

reduction
15 A M

10 A

0 HHHHI‘IH . HHHHHH nfn o HUH il

850 m°/s flow
- reduction

Entrapment area created (ha)
N
o

10 A

. s 0.m AN mn mH Ml

1,416 2,832 4,248 5,664 7,080 8,496 9,912 11,328
Modeled flow (m®/s)

Figure 9.-Net entrapment area created from 566 n¥/s (top panel)
and 850 nt/s (bottom panel) reductions from nmodeled flows in the
Hanf ord Reach. Bar heights are additive in 566 and 850 ni/s

i ncrements, respectively.

81



Two- di mensi onal hydrodynam ¢ npbdel s have consi derabl e
advant ages over one-di nensional nodels in that they can be used
in conplex channels to nore accurately characterize water
velocities (Ghanemet al. 1996). The velocities we neasured
with the ADCP agreed closely with the water velocities estinated
by the RIVER 2D hydrodynam c nodel except at the shoreline in
certain areas. Lower than observed shoreline water velocities
estimated by the nodel at ADCP cross sections was nost |ikely
due to the nodel requiring a zero velocity at the shoreline and
t he coarseness of our conputational nmesh near shore. Although
this condition exists in many areas of the Hanford Reach, sone
steeper shorelines had flowing water right at the shore. As
such, we may have overestimated the anount of rearing habitat in
those areas, especially if the lateral slope was suitable.
Conversely, near-shore water velocities may have been
overestimted in areas where subnerged vegetation slowed the
water current. In spite of these limtations, we were able to
make conparisons of the relative anount of rearing habitat
avail abl e at different flows.

We found water velocity to be an inportant factor
i nfluencing the habitat sel ection of juvenile chinook sal non,
which is consistent with the findings of others (Lister and
Genoe 1970; Everest and Chaprman 1972; Rubin et al. 1991; Key et
al. 1996). The water velocities used by Hanford Reach fal
chi nook salnon were simlar to those reported for chinook sal non
in large rivers (@ ova and Duncan 1985; Garland and Tiffan 1999)
and snall er streans (Everest and Chaprman 1972; Rubin et al.
1991). Low velocity habitats reduce the anount of energy
required for fish to maintain their position in the current.

Al t hough the aforenentioned authors reported water depth to
be an inportant habitat variable, depth by itself was not an
inportant variable in our study. Instead, fall chinook sal non
presence was associated with |ateral slope, which incorporates
wat er depth. Areas of |low velocity and |ateral slope near shore
are typically warner than the main channel and may maxi m ze
grow h of juvenile fall chinook sal non.

Qur | ogistic regression nodel performed better at
predi cting the presence of juvenile fall chinook salnmon in
rearing habitats than predicting their absence. However, the
observed absence of fish in a habitat cell where their presence
was predicted with high probability does not necessarily inply
that the habitat is unsuitable or not used. W have routinely
observed the spatial and tenporal novenent of schools of
juvenile fall chinook through shoreline habitats in the Hanford
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Reach. This behavior makes it probable that sanpling suitable
habitat may result in a zero catch. By the sanme logic, fish
presence does not undoubtedly suggest that habitat is suitable.
Consi dering that fish were absent in only one third of our

sanpl es, our sanple size nmay not have been | arge enough to
adequately define the habitat conditions that contribute to fish
absence. As such, predicting fish absence where they were
present makes our nodel estimates of the anpbunt of suitable
rearing area conservative.

The amount of fall chinook salnon rearing area in the
Hanf ord Reach increased as fl ow decreased due to shal |l ower near-
shore sl opes and reduced water velocities. |In contrast, at
hi gher flows water velocities were generally greater and the
shorelines were | ocated on steeper banks due to fuller river
channels. |In addition, many of the islands that provided
rearing area at low fl ows were subnerged at hi gher discharges.

Qur estimates of the ampunt of rearing area show that the
production of juvenile fall chinook salnon in the Hanford Reach
may be influenced by annual variations in flow Lowflow years
may support nore rearing fish in the Hanford Reach than high
fl ow years because of the increase in available habitat. For
exanple, the nmean flow for May (typically the nonth of peak
abundance) 1992 was 3,993 m/s whereas in 1997 it was 7,901 n?/s.
This resulted in an additional 42 ha (28% i ncrease) of rearing
area available to juvenile fall chinook salnon in 1992.

However, high-flow years may result in greater fish dispersal to
downstreamrearing habitats in McNary Reservoir. Al though
McNary Reservoir contains suitable fall chinook sal non rearing
habitat, the available area has not been quantified and many of
the shorelines are riprapped, which juvenile fall chinook sal non
do not prefer (USGS, unpublished data).

Daily water |evel fluctuations caused by power peaking may
result in net downstream novenent of juvenile fall chinook
sal non. Changes in flow nmay stinulate the downstream novenent
chi nook sal nmon fry (Heal ey 1980; Kjelson et al. 1981; Irvine
1986), al though behavi oral conponents play a role as well
(Heal ey 1991). W have routinely observed | arge school s of
juvenile fish nmoving downstreamin response to both rapid
i ncreases and decreases in flows, however the novenent is nore
pronounced during flow increases (Loreley Oark, U S Ceol ogical
Survey, personnal conmunication). Because |ong, contiguous
shorelines of suitable habitat exist at all of the flows we
nodel ed, fish are not |likely to be displaced out of suitable
habitats by short-termflow fluctuations. Their novenents may,
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however, place themat greater risk of predation if they occur
when predators are actively feeding.

The greatest detrinment to juvenile fall chinook salnmon in
t he Hanford Reach caused by fluctuating flows is stranding and
entrapnent. Because fall chinook salnmon are shoreline oriented,
they are susceptible to stranding on shall ow sl opes or being
entrapped in pools when waters rapidly recede following a
decrease in flow. Wagner et al. (1999), studying stranding in
t he Hanford Reach, found that nost (99% juvenile fish were
entrapped in pools rather than stranded on exposed substrate.
The nortality of fish entrapped in pools depends upon pool size,
drai nage rate, exposure to |ethal tenperatures due to sol ar
war m ng, exposure to predators, and tinme to refl ooding and
| i beration.

Over 500,000 fish nmay have been | ost due to strandi ng and
entrapnment in our study area in 1999, and nortality may have
been greater in previous years (P.G Wgner, Washi ngton
Department of Fish and Wldlife, personal conmunication). This
pronpted fishery and hydro managers to inplenment protective
measures for Hanford Reach fall chinook sal non in 1999.
Qui del i nes were devel oped based on field observations that fish
wer e nost susceptible to stranding and entrapnent at flows |ess
than 4,248 n¥/s. Hydro operations were not constrai ned when
average weekly flows exceeded 4,814 n¥/s, except that a m nimm
hourly flow of 4,248 mi/s had to be maintained at Priest Rapids
Dam However, at average weekly flows |ess than 4,814 ni/s,

maxi mum fl uctuations were restricted to #+566 n¥/s when no spil

occurred and to #850 m’/s when spill occurred. W showed that

t he amount of entrapnent area that existed at steady-state flows
was reduced at flows greater than 4,814 mi/s. However, our

anal ysi s suggests the aforenenti oned decreases in flow may stil
be a significant entrapnent threat to juvenile fall chinook
salnon at flows up to 5,664 n¥/s. For exanple, on April 26,
2000, the flow at Priest Rapids Dam dropped from 7,958 n¥/s to
4,276 ntls, which created 26 ha of entrapment area (Figure 9).
As a result, on the next day over 1,900 juvenile fall chinook
sal non were found entrapped in seven snmall pools whose total
area was |l ess than 0.2 ha (Washi ngton Departnent of Fish and
Wldlife, unpublished data). This represents a fraction of the
total nunber of fish that may have been entrapped throughout the
Hanford Reach fromthis flow reduction

Hi storically, fall chinook sal non reared under a natural
hydr ograph that nost |likely exhibited little diel fluctuation.
Al t hough the general shape of the hydrograph is still simlar
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t oday, hydroel ectric power peaking has introduced hourly and
daily fluctuations that can affect the rearing potential of fal
chi nook salnmon in the Hanford Reach. Wiile the specific effects
of habitat changes on the rearing population remain |argely
unexpl ored, the negative consequences of stranding and
entrapnent are apparent (Wagner et al. 1999). As such, hydro
and fishery managers should, to the extent practicable, mnimze
flow fluctuations in the Hanford Reach
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| nt roducti on

Shorelines are critical rearing habitats for subyearling
fall chi nook sal nron Oncorhynchus tshawtscha in the Col unbi a
Ri ver (Dauble et al. 1989). Hydropower devel opnent has
transforned the Col unbia and Snake rivers fromnatural alluvial
systens into a series of reservoirs. Large portions of the
shorelines of these inpoundnents are now covered with
artificially created substrate (riprap) to protect roads,
railroads, bridges, and | evees. For exanple, the four | owest
reservoirs on the Snake River currently have approximately 156
km (34% of their shorelines arnored with riprap (U S. Arny
Cor ps of Engi neers 1999).

Physi cal habitat characteristics are often cited as
selection criteria for rearing habitats of subyearling chi nook
sal non. Lister and Genoe (1970) and Everest and Chapman (1972)
found that subyearling spring chinook salnon in streans use
coarse substrate as cover in fast current. 1In contrast, Curet
(1993) found strong sel ection by subyearling fall chinook sal non
for substrates consisting of sand, and strong avoi dance of the
broken rock riprap habitats in Lower Granite Reservoir on the
Snake R ver. Subyearling chinook salnon also tend to use water
vel ocities not exceeding 0.3 ms (Everest and Chapnan 1972;

G ova and Duncan 1985; Hillnman et al. 1987; Murphy et al. 1989).

Ri prap shorelines have very different habitat
characteristics conpared to original riverine habitats, and
contain nore habitat suitable for introduced predatory fish such
as smal Il nouth bass M cropterus dol om eui (Miunther 1970; Hubert
and Lackey 1980). Snull nouth bass are significant predators of
subyearling fall chinook salnon in shoreline areas (Tabor et al.
1993) and it has been suggested that the predation risk
subyearling fall chinook sal non are exposed to m ght be due to
overl apping habitats (Gray and Rondorf 1986).

Information of the effect riprap habitats have on rearing
subyearling fall chinook salnon is needed to nake inforned
deci sions on future shoreline nodification projects. For
exanpl e, one of the proposed neasures to inprove the survival of
sal nonid stocks |isted under the Endangered Species Act is to
breach the four | ower Snake River dans and return the river to
its natural level. |If these dans are breached, an estimted 82
km (18% of 451 kmof the newy created shoreline will be
stabilized wwth riprap (U S. Arny Corps of Engineers 1999). The
benefit or detrinent of riprap habitat to subyearling fal
chi nook salnon is currently unknown. The objectives of this
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study were to: 1) determine if subyearling fall chinook sal non
use riprap and natural shoreline habitats differently; 2)
descri be the physical characteristics of riprap and natural
habitats; and 3) determ ne whether the presence of potenti al
predators is associated with subyearling fall chinook sal non
habitat sel ection.

Study Area

McNary Dam |ocated at river kiloneter 470, inmpounds 98 km
of the Colunbia River, formng Lake Wallula. The Hanford Reach,
| ocat ed upstream of Lake Wallula, is the only uninpounded reach
of the mai nstem Col unbi a Ri ver between Bonneville Dam and the
Canadi an border. The Hanford Reach produces an estinated 30
mllion subyearling fall chinook sal non annual ly (Paul Wagner,
Washi ngt on Departnent of Fish and WIldlife, personal
comuni cation), many of which rear in Lake Wallula. W
conducted our study between river kiloneters 506 and 538, an
inportant rearing area in Lake Wallula with a variety of
shoreline habitats, including riprap.

Met hods

Use of shoreline habitats by subyearling fall chinook
sal non was determ ned using poi nt abundance el ectrofi shing
(Persat and Copp 1990) between dawn and dusk on three occasi ons:
23 May to 27 May 1994, 1 May to 4 May 1995, and 30 May to 1 June
1995. Sanpling was restricted to May since this is the nonth of
gr eat est nearshore abundance of subyearling fall chinook sal non
in Lake Wallula. Shoreline areas were divided into two broad
categories: (1) artificially created river shorelines (riprap)
and (2) unnodified (natural) shorelines. W defined riprap as
| ar ge broken rock substrates generally greater than 256 mm wth
little fine silt or sand filling the interstitial spaces.

W stratified our sanpling to include different habitat
conbi nati ons, avoid duplication of effort, and mnimze sanple
bias. Three matrices were constructed to create different
conbi nati ons of habitat variables to guide sanpling, and
i ncluded: (1) velocity X depth; (2) velocity X substrate; and
(3) depth X substrate. Targeted velocities ranged fromO to >
0.4 ms and were divided into 0.05 ms categories. Targeted
depths ranged fromO to > 3.3 mand were divided into 0.66 m
categories. Substrate categories were based on a Wentworth
classification nodified fromOth (1983) and ranged from <l nm
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to >256 nm and were divided into five categories: <1 mm 1-4 mm
4-16 mm 16-256 mm and > 256 nmm

A sanple site was selected by visually estimating the water
vel ocity, depth, and substrate at a distance before the site was
reached. If our prelimnary assessnent indicated that the
habitat features could be used, then the site was sanpl ed and
the final habitat data was added to the matrix. Sanpling was
spread over the entire study area to prevent concentration of
effort in a single geographic area.

Effort was expended to sanple the habitat conbination of
each matrix cell at least three tines. Sanpling was conpl eted
when sites could not be found to fill cells in the three
matrices. A lack of sonme habitat types in the study area
resulted in some matrix cells with few sanples. Habitat with
substrate categories 1-4 nmand 4-16 mm were generally
unavailable within the study area, as were habitat with a
conbi nati on of substrates <1 mmand velocities >0.3 nmis. A
three matrices were filled for each sanple period.

Data were collected using a 5.5 melectrofishing boat with
two 1.0 munbrella anode arrays and an el ectrical output of 2
anps at 60 pulses/s DC. Sanples were collected by approaching
t he shoreline and shocking areas 2-5 mfromshore, or until the
boat was no | onger able to advance because of shal |l ow water
depth. Wien a sanple area was reached, a nmean shock period of
13 s (range 3-23 s, SD 3.8) (1994), or 8 s (range 6-10 s, SD
0.3) (1995), was initiated and the boat’s forward nonentum
stopped. Shorter shock periods were used in 1995 because they
were less likely to injure subyearling fall chinook sal non. CQur
approach allowed a localized, stationary area to be shocked with
mninmal forewarning to fish. At the end of the shock, a buoy
was set to mark the area where fish were observed, or the center
of the shocked area if no fish were observed.

Fish were enunerated by visually identifying and counti ng
the stunned fish observed and collecting a sanple of stunned

fish with dipnets (Crozier and Kennedy 1994). |If we were unable
to adequately identify the species of an observed fish, the fish
was designated as “unknown”. Captured fish were sorted by

speci es and enunerated. Subyearling fall chinook sal nron were
anesthetized with 26 ng/L of tricaine nmethanesul fonate, weighed
to the nearest 0.1 g, and neasured to the nearest 1 nmfork

|l ength. Al fish were allowed to recover for approximtely 15
mn before release into the river. Al work was done by
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personnel experienced with electrofishing and identification of
subyearling fall chinook sal non.

Physi cal characteristics were nmeasured at each site to
describe habitat. Water tenperature was neasured to the nearest
0. 1°C at the point of shock, and at 1 mand 15 mfrom shore using
a thernmoneter certified to the standards provided by the
National Institute of Standards and Technol ogy. Mean water
velocity was neasured to the nearest 0.01 m's using a Marsh-

McBi rney nodel 2000 current neter (Marsh-MBirney, Inc.;
Frederick, Maryland, USA) at the point of shock and 15 mfrom
shore. Water depth and flow direction were coll ected
concurrently with water velocity measurenents. Distance of the
poi nt of shock to shore was neasured to the nearest 1 cm At
the point of shock, substrate type was visually assessed and
assigned a code (Orth 1983). Water turbidity was neasured every
2 h in Nephelonetric Turbidity Units (NTU).

For statistical analyses, we used the total nunber of
subyearling fall chinook sal non observed at each site, which we
referred to as nunber observed per site (OPS). Mean OPS was
expressed as the total nunber of observed subyearling fal
chi nook sal non divided by the nunber of sites. Prelimnary
anal yses indicated that the nunber of subyearling fall chinook
sal non observed was not nornmally distributed (Shapiro-WIlk; W=
0.439377; P < 0.0001), and the variances were significantly
unequal (Folded F = 30.51; P < 0.0001), therefore nonparanetric
tests were appropriate. To test if all sanple periods could be
pool ed, we ranked subyearling fall chinook sal non nunber
observed and then conducted a two-way anal ysis of variance
(ANOVA) on the ranked nunmber observed with sanple period and
habitat type as the main effects (Zar 1984, SAS 1998). W found
no difference in subyearling fall chinook sal non nunber observed
bet ween sanple periods (F = 2.77;, df = 2; P = 0.06) but
significant differences existed between habitat types, so we
pool ed data fromall sanple periods. W used WI coxon rank-sum
to test the null hypothesis that there was no difference in
abundance of subyearling fall chinook sal mon observed in riprap
and natural habitats.

W al so tested the null hypothesis that there was no
difference in predator abundance between natural and riprap
habitats using the WIcoxon rank-sumtest. The nunber of
predators observed at each site was sumed in the sanme nanner as
subyearling fall chinook salnon. To test if all sanple periods
coul d be pool ed, we ranked the nunber of predators observed and
conducted a two-way ANOVA of the predator ranks with sanple
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period and habitat type as the main effects. W found a
significant difference in the nunber of predators observed

bet ween sanple periods (F = 5.0; df = 2; P < 0.01) and habitat
type also being significantly different, therefore the data were
not pool ed.

The effects of predator presence and habitat type on
subyearling fall chinook sal non abundance were exam ned by
conducting a two-way ANOVA on ranked subyearling fall chinook
sal non nunber observed. This statistical procedure is simlar
to the Kruskal-Wallis test (SAS 1998).

Mean water velocity, depth, and |lateral slope were conpared
between riprap and natural habitats using the WI coxon rank-sum
test because the data was not normally distributed. Lateral
sl ope was cal cul ated as a percent by dividing the depth at the
| ocation of the abundance sanple by the distance from shore and
mul tiplying the quotient by 100. All anal yses were conducted
using SAS statistical software (SAS 1998), and significance was

assuned at a = 0. 05.

Resul ts
Nunmber Observed

A total of 277 point shock abundance sanples were collected
resulting in observations of 1,536 subyearling fall chinook
salnmon. O this total, 1,492 subyearling fall chinook sal non
wer e observed at 218 point shock abundance sites in natural
habitats and 44 subyearling fall chinook sal non observed at 59
poi nt shock abundance sites in riprap habitats. Subyearling
fall chinook sal non abundance was significantly greater in
natural habitats than in riprap habitats (Z = -4.6232; P <
0.0001). The nean OPS of subyearling fall chinook sal non was
6.8 in natural habitats and 0.7 in riprap habitats. Mean
subyearling fall chinook salnmon fork length was 49.7 mm ( SE

+8. 8) .

A total of 52 predators were observed in natural habitats
and 57 in riprap habitats. The nean OPS and abundance of
predators was significantly greater in riprap than in natura
habitats for all sanpling periods (Table 1).

Predat or presence was not inportant in explaining
di fferences in subyearling fall chinook sal non abundance between
natural and riprap habitats (F = 1.19; df = 1; P = 0.28), but
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Table 1.0 Sunmary of total sanples, total observations, and
mean nunber observed per site (OPS) of predators by sanpling
periods and habitat type. Sanple period one was conducted from
23 May to 27 May 1994, period two from1 May to 4 May 1995, and
period three from30 May to 1 June 1995. Also shown are Z and P
val ues fromthe WI coxon rank-sumtest used to conpare
observati ons between habitats by sanple period.

Tot al
Sanpling Habitat Total nunber Mean
peri od type sanpl es observed OoPS Z P

Period 1 Natural 64 24 0.4

Ri prap 15 20 1.3 3.4390 0.0006
Period 2 Natural 79 6 0.1

Ri prap 23 13 0.6 3.6583 0.0003
Period 3 Natural 75 14 0.2

Ri prap 21 21 1.0 4.0010 <0.0001
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habitat type was a significant variable (F = 10.69; df = 1; P <
0.01). There was no significant interaction between habitat
type and presence of predators (F = 1.19; df = 1; P = 0.28).

Habi t at

Ri prap habitats were conposed prinmarily of closely packed
rocks and boul ders that were greater than 240 nmin size with
| ow enbeddedness. Natural habitats were characterized by
smal | er substrates (< 240 mm w th boul ders dom nant in 9% of
habitats sanpled. The nean OPS of subyearling fall chinook
sal non in natural boul der habitats was 1.3 conpared to 0.8 in
riprap habitats. Boulder habitats (>256 mm) had the | owest nean
OPS of subyearling fall chinook sal non conpared to all other
types of substrate in natural habitats.

Mean depth at sanple sites was significantly different
between riprap and natural habitats (Z = 7.0905; P < 0.0001).
Most of the natural sites sanpled (90% were between 0.1 m and
0.6 m deep, whereas 80%of the riprap habitats were between 0.4
mand 1.0 m deep. No subyearling fall chinook sal nron were
observed in water deeper than 0.8 min natural habitats, and the
mean OPS of subyearling fall chinook sal non was greatest when
depth was less than 0.2 m In general, fish abundance in
natural sites decreased as depth increased. |In contrast,
subyearling fall chinook sal non were observed in deeper water
(0.2 mto 1.0 m inriprap habitats (Figure 1A).

There was a highly significant difference between the
| ateral slope in natural and riprap habitats (Z = 10.1262; P <
0.0001). Riprap habitats (82% of sites) were steep with | ateral
sl opes ranging from5%to 80% All of the observations within
this range occurred between sl opes of 15% and 45% Most natural
habitats (94% of sites) had lateral slopes less than 25% Only
one subyearling fall chinook sal non was observed in natural
habitats with sl opes outside of this range (Figure 1B)

Mean water velocity at sanple sites was not significantly
di fferent between natural and riprap habitats (Z = 0.7319; P =
0.46). Because the study habitats were | ocated in an
i mpoundnent, nost of the point abundance sanples (93% had a
water velocity < 0.2 ms. Subyearling fall chinook salnon in
riprap habitats occurred in water velocity < 0.2 m's (range 0.O0-
0.6 m, whereas natural habitats contained fish in water
velocity < 0.45 mls (range 0.0-0.7 n), but abundance decreased as
wat er velocity increased (Figure 1C
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Figure 1.0 Conparison of subyearling chinook sal non nmean nunber
observed per site (OPS) between natural and riprap habitat for
depth (A), lateral slope (B), and velocity (C) at point
abundance sites in Lake Wallula of the Col unbia River,

Washi ngt on during May 1994 and 1995.
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Di scussi on

The abundance of subyearling fall chinook salnmon in Lake
Wal |l ul a was much greater in natural shoreline habitats than in
man- made riprap habitats. Substrate size is the nost obvious
di fference between natural and riprap habitats. Rocks used for
riprap are large and densely spaced to stabilize banks and
prevent erosion. This type of substrate structure is not
naturally occurring in alluvial river reaches such as the
Hanf ord Reach, Colunbia River. Were boul ders occurred
naturally in our study area, they were w dely spaced and heavily
enbedded with silt, and made up a small percentage of the
natural substrate available. Boulders in natural habitats were
used | ess by subyearling fall chinook sal nmon than all other
substrat es.

Subyearling fall chinook sal non used the shall ower depths
and | ower |ateral slopes of natural shorelines nore than the
deeper and steeper riprap habitats. This is consistent with the
findings of Dauble et al. (1989), who showed that subyearling
fall chinook sal non prefer shallow waters. |n uninpounded
rivers, shallow water provides refuge from high water velocity
and possibly protection frompredators. Because riprap is
usual |y placed on steeper banks, we could not determ ne whet her
t he near absence of subyearling fall chinook salnon in riprap
habitats was due to substrate size, water depth, l|ateral slope,
or a conbi nation of habitat vari abl es.

Water velocity is a primary factor determ ning subyearling
chi nook sal non use of nearshore habitat in rivers and streans.
Mur phy et al. (1989) concluded that subyearling spring chinook
sal non di stribution depended primarily on water velocity, with
fish using all types of natural habitat where water velocity did
not exceed 0.3 nfs. Everest and Chapman (1972) found that nost
subyearling spring chinook salnon in tw | daho streans were
found in water velocity less than 0.15 mls. |In our study,
al t hough abundance decreased with increased water velocity,
there was no significant difference in water velocity between
natural and riprap habitats. This was |ikely due to nearshore
wat er velocity being | ow throughout the study area. In
reservoir habitats, water velocity nay be | ess of a determ nant
of habitat selection by subyearling fall chinook sal non than
substrate, depth, and |l ateral sl ope.

The primary predator we observed was snal | nout h bass.
Smal | nout h bass have been reported as a predator of subyearling
fall chinook salnmon in Colunbia River reservoirs (Poe et al
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1991; Rieman et al. 1991, Vigg et al. 1991; Tabor et al. 1993)
and use habitats simlar to riprap (Munther 1970; Hubert and
Lackey 1980; Rankin 1986; Todd and Rabeni 1989). Although
Rieman et al. (1991) found that small nouth bass accounted for
only a small anount of the overall predation of juvenile

sal nonids in John Day Reservoir, Tabor et al. (1993) reported
that smal | nouth bass were nmj or predators of juvenile fal

chi nook sal non in nearshore rearing areas in the upper reach of
Lake Wallula. Gay and Rondorf (1986) suggested that
subyearlings mght be at risk from predati on because subyearling
sal non and snal | nout h bass habitat can overlap. W did not find
extensi ve habitat overlap during the daylight hours when our
sanpling occurred. However, we did not sanple during dawn and
dusk when smal | rout h bass commonly nove into shall ower water and
feed (Kwak et al. 1992; Cole and Mdring 1997). In another

study, we observed an increase in nunbers of smallnouth bass in
shal | ower nearshore habitats of Lake Wallula during dusk (U.S.
Geol ogi cal Survey, unpublished data). Although subyearling fal
chi nook sal mon may | argely escape predation during the day by
avoiding riprap habitats, there may be an increased risk of
predation during dawn and dusk in natural habitats.

Poi nt abundance el ectrofishing was an effective tool in
col l ecting subyearling fall chinook salnmon in our study. Unlike
transect el ectrofishing, point abundance el ectrofishing sanpl es
a localized, stationary surface area. The resulting
observational data is conparabl e between points (Persat and Copp
1990) and has been used in a nunber of habitat studies (Copp
1991; Copp 1992; Jurajda 1999). The change in shock duration
from 1994 and 1995 did not change the conparability of
subyearling fall chinook sal non observations, as shock period is
not a factor in collection of nunmeric abundances of fish when
usi ng poi nt abundance el ectrofishing (Persat and Copp 1990).
Fish are shocked in the first few seconds and no new fish are
shocked as tinme progresses.

Poi nt abundance el ectrofishing is limted by the depth of
water (0O to 2 m that can be sanpled (Persat and Copp 1990), and
its efficiency is affected by fish size, fish species,
turbidity, and boat operation. Larger fish and territorial
predatory species such as snall nouth bass are nore readily
shocked by el ectrofishing and are nore visible to dipnetters
than are smaller fish (Reynolds 1996). This could result in
greater efficiency in sanpling predators as opposed to
subyearling fall chinook salnmon. High turbidity limts
visibility and fish identification, and may allow fish to avoid
capture (Reynolds 1996). Turbidity ranged from2.2 to 21.2
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NTU s (nean 13.8 NTU, SD 2.4) during our study, which allowed us
see to the river bottomat all depths sanpled (range 0.11-1.45
m. W observed that when shocking areas with | ow of fshore

wat er velocity and | ow gradi ent subyearling fall chinook sal non
woul d nore readily detect and avoid the boat, resulting in | ower
nunber of observations in these habitats. The nunber observed,
however, was still higher in these areas than in riprap
habitats. Riprap habitats generally had hi gher offshore flows
and steeper slopes and provided | ess forewarning to fish.

The production of fall chinook salnmon will be greatest in
uni npounded al l uvial habitats to which these fish are adapted.
The riprap habitats that constitute a | arge portion of
shorelines in Colunbia and Snake river reservoirs are very
different fromnatural riverine habitats that support
subyearling fall chinook sal mon. The physical habitat
characteristics of riprap such as | arge unenbedded substrates,
deep wat er near shore, and steep |l ateral slopes reduce the
rearing potential for subyearling fall chinook salnmon in Lake
Wal lul a and probably other reservoirs with riprap habitat.
Subyearling fall chinook salnon rearing in, or mgrating
through, this type of habitat nay al so be at a greater risk of
predation. Qur study shows that the future addition of riprap
on shorelines would reduce the availability of rearing habitat
for subyearling fall chinook sal non stocks.
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| nt roducti on

The Col unbia River belowits confluence with the Snake
River is an inportant rearing area for subyearling chi nook
sal non, many of which originate fromthe Hanford Reach (RKm 564-
639). Many subyearling fall chinook sal non m grate downstream
and linger in mainstemhabitats during md to |late sumer. The
survival of chinook salnon originating in the Hanford Reach is
partially attributable to reservoir productivity (Ebel et al.
1989). River conditions in md to |late summer are inportant for
subyearling chinook salnon relative to other juvenile sal nonids
because they mgrate later in the season when water tenperatures
are increasing and river flows are decreasing. Hanford Reach
chi nook sal non are inportant because they represent the majority
of naturally reproducing chinook salnmon in the Col unbia River
Basin (Huntington 1996; Daubl e and Watson 1997).

A dominant prey itemfor subyearling chinook salnon is
Daphni a spp., a comon cl adoceran in both McNary and John Day
reservoirs of the Colunbia River (MIller and Sinmms 1984; Rondorf
et al. 1990). During md to |late sumer, subyearling chi nook
sal non prey heavily upon Daphnia spp. not only in MNary
Reservoir, but also in the Colunbia R ver above Bonneville Dam
(Muir 1988). Likew se, subyearling chinook salnmon in the | ower
Col unmbi a River and estuary prey heavily on cladocerans in md to
| at e sumrer (Craddock 1976, Kirn 1986). Because subyearling
chi nook sal non are opportunistic predators, their use of Daphnia
spp. is areflection of the seasonal increase of zoopl ankters.
Despite their inportance as prey to chinook sal non, information
on zoopl ankton in Colunbia River reservoirs is |acking.

We had three primary objectives in this study. Qur first
obj ective was to descri be the conposition and abundance of
zoopl ankton taxa in McNary and John Day reservoirs. Secondly, we
wanted to describe tenporal and spatial differences in
crustacean zoopl ankt on abundance, Daphnia spp. biomass, and
Daphni a spp. size. Qur third objective was to investigate
zoopl ankt on conmunity dynam cs to nake inferences about the food
web structure of the Colunbia River

Met hods

Study area

We conducted our study in two mainsteminpoundnents of the
| ower Col unbia River, MNary and John Day reservoirs (Figure 1).
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Figure 1. — Sanpling areas for zooplankton collection in

John Day and McNary reservoirs of the Col unbia River.
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McNary Dam (R ver Kiloneter (RKnm) 470) inpounds 98 km of the
Columbia River to form MNary Reservoir. MNary Reservoir a
surface area of 122 knf. John Day Dam (RKm 348) inpounds 122 km
of the Colunbia River to form John Day Reservoir. John Day
Reservoir has a surface area of 198 knf. Water tenperature ranges
from2 to 21°C annually and the reservoirs do not exhibit thermal
stratification. We sanpled sone areas with rip-rap shoreline and
ot her areas which were unaltered.

Rel eases from Grand Coul ee Dam ( RKm 960), whi ch i npounds
Lake Roosevelt, generally regulate the flow of downstream
i npoundnents, including McNary and John Day reservoirs. Lake
Roosevelt has a nean water retention time of 45 days. The nean
water retention time in McNary Reservoir is 4.0 days and in John
Day Reservoir it is 7.3 days. Water retention tinmes in MNary
and John Day reservoirs are the highest of all reservoirs
downstream of Lake Roosevelt.

Sanmpl e Col |l ection

During 1994-1996, zoopl ankton coll ections nade every week
during June and July in McNary Reservoir and every other week
from August to Cctober in John Day Reservoir. The begi nning and
endi ng dates of zoopl ankton sanpling varied fromyear to year
because they were selected to coincide with the outm gration of
subyearling chinook salnon in McNary and John Day reservoirs.

We col | ected zoopl ankt on sanples using paired M|l er

sanplers fitted with 153 pm nmesh nylon nets and internally
nmounted TSK flow neters to estimte the water vol une sanpl ed
(MIller 1961). The sanplers were towed horizontally through the
wat er and parallel to the shoreline in an upstreamdirection for
5 mn. Filtered sanples were preserved in 10% formalin and dyed
with rose bengal stain to facilitate identification in the

| abor at ory.

Qur study areas were from RKm 381 to 391 in John Day
Reservoir and from RKm 470 to 514 in McNary Reservoir. Cross-
sectional transects were established at 0.1-mle intervals
t hroughout the study area. Zoopl ankton sanples were collected at
random y sel ected transects. At each transect, we sanpled three
| ocations: river left (nearshore), river center (offshore), and
river right (nearshore). Nearshore sanples were collected
approximately 20 mfrom shore, or at the closest distance at
whi ch total depth was great enough to acconmpdate a 5-mtow. At
each | ocation, we sanpled at 0.5-m and 5-m depths during daytine
and nighttinme hours. Daytine was defined as 0.5-h after sunrise
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to 0.5-h before sunset, and nighttine was defined as 0.5-h after
sunset to 0.5-h before sunrise. No tows were perforned during
the 1-h periods enconpassi ng sunrise and sunset. Using this
strategy, a total of twelve sanples were collected within each
transect. This allowed us to conpare cross-sectional |ocation,
depth, and diel variations in zooplankton abundance and size.

In 1995 and 1996, the river-center station was changed to
t he deepest point in the thalweg, and the 5-m deep tow was
changed to a 3-mdeep tow. This adjustnent rel ocated the
near shore station and subsequent tows closer to shore. These
changes were nade to better sanple nearshore and deep-water
areas within the reservoir cross section.

Physi cal habitat data was collected for subsequent
statistical analyses of size and abundance. Tenperature data was
col | ected using thernographs in McNary Reservoir at RKm 515 and
in John Day Reservoir at RKm 452. W al so depl oyed an OS2000
bat hyt her nogr aph? at each zoopl ankton sanpling transect to obtain
vertical tenperature profiles of the water colum. Hourly fl ow
and daily subyearling passage indices for McNary and John Day
dans were obtained fromthe Fish Passage Center (Portl and,
Oregon).

Sanpl e Processing

In the | aboratory, sanples were rinsed of formalin and
diluted to an abundance of at |east 40 organisns/m . Three 1-m
al i quots were renoved and zoopl ankt on were enunerated using a
bi nocul ar m croscope. A Folsomsplitter was used to split
sanples with diluted volunes greater than 4000 mM. A total count
of all organisns was nade for sanples with volunes | ess than 20-
m . Cl adocerans ot her than Daphnia spp. were identified to
genus. Daphnia were identified to species, categorized as nal e,
femal e, or ovigerous fenale, and neasured to the nearest 0.01
nm Measurenents were made fromthe tip of the head to the
posterior end of the carapace (excluding tail spine) using an
ocular mcroneter (Culver et al. 1985). Daphnia spp. |ess than
0.1 mm were classified as i mmature Daphnia spp. and were not
measured. Taxonom c identification followed Ward and Wi ppl e
(1918) and Pennak (1989).

Data Anal ysi s

Because of differences in general norphol ogy, retention
time, and seasonal sanpling periods between the two reservoirs,
we anal yzed data from each reservoir separately w th ANOVA
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Zoopl ankt on abundance (# m?3) of each taxa was cal cul ated for
each sanpl e. The dependent variables in our analysis were nean
total crustacean zoopl ankton, Daphnia spp. biomass, and nean
Daphni a spp. size fromeach sanple. Total zoopl ankton and
Daphni a spp. biomass were Logio (X+1) transfornmed to nornalize
distributions and allow for the inclusion of zero val ues (Zar
1984). Daphnia spp. size followed a normal distribution and was
not transfornmed. The relationship between zoopl ankton paraneters
and environnental variables was eval uated by exam ni ng Pearson
correlation coefficients. Results fromstatistical tests were
consi dered significant at P < 0.05.

Mean abundance and size of Daphnia spp. fromeach sanple
was anal yzed using multiway (four factor) ANOVA to determne if
significant interactions existed between year, cross-sectional
sanpling | ocation, diel sanpling period, and sanple depth, and
to test for the main effects of each variable. Wen three or
nore |levels existed for a significant ANOVA main effect, a
St udent - Newman- Keul s test was used to conpare nmean abundance or
si ze.

An interaction between two vari ables represented the joint
effect of two or nore variabl es above and beyond the effect of
each of the variables independently. When a significant
interaction occurred, we devel oped an interaction plot to better
understand the rel ationship between the variables, and then used
at-test between two | evels of one variable within each of the
| evel s of the other variable (Cody and Smth 1997).

Resul ts
Community Structure and Size

W col l ected and anal yzed 304 sanples from 35 sanpling
dates in McNary Reservoir and 530 sanples from 54 dates in John
Day Reservoir. The five major zoopl ankton taxa collected were
Bosmi na longirostris, Daphnia spp., cyclopoid copepods,
rotifers, and cal anoi d copepods (Table 1). Crustacean
zoopl ankt on sanpl e abundance ranged from 21.8 to 30,650 m? in
McNary Reservoir and from24.4 to 68,856 'm® in John Day
Reservoir. Crustacean zoopl ankt on abundance peaked in late July
to early August in McNary Reservoir and fromlate August to |late
Sept enber in John Day Reservoir.

Seasonal abundance of Bosmina |longirostris was binodal,
peaking in July in McNary Reservoir (Figure 2) and then again in
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Tabl e 1.-Mean sanpl e abundance (nunmber - m?3 and relative
abundance of taxa collected in McNary and John Day reservoirs
from June 1994 through COct ober 1996.

McNar y John Day % of
Taxa Reservoir Reservoir Tot a

Phyl um Annel i da
Class digochaeta 2.10 0.19 0. 04
Cl ass Pol ychaeta <0.01 0.02 <0.01

Phyl um Art hr opoda
Cl ass Arachnoi dea 1.10 2. 17 0.04
Cl ass Crustacea
Order Anphi poda
Fam |y Cor ophi dae

Cor ophi um spp. 0.16 0. 03 <0.01
Fam |y Ganmari dae
Ganmar us spp. <0.01 - <0.01

Order C adocera
Fam |y Bosm ni dae

Bosmi na longirostris 388. 69 2650. 75 46. 87
Fam |y Chydori nae
Al ona spp. 26. 01 3.72 0. 38
Chydor us spp. 5.75 10. 79 0. 26
Pl exorus spp. 0.70 1.28 0. 03
Leydi gi a Quadrangul ari s 2.01 0.24 0. 03
Fam |y Daphni dae

Cer i odaphni a spp. 12. 49 8.76 0. 27
Daphni a gal eat a- nendot ae 133. 43 488. 97 8.00
Daphni a parvul a 0. 49 0.18 <0.01
Daphni a pul ex 0. 63 0.02 <0.01
Daphni a retrocurva 116. 20 739. 90 11. 00
Daphni a rosea 0.13 0. 23 <0.01
Daphni a schodl eri 0.12 - <0.01
| mmat ur e Daphni a spp. 28. 64 58. 54

Scaphol eberi s spp. 0. 23 1.57 0.02
Si nocephal us spp. <0.01 <0.01 <0.01
Moi na spp. 0. 34 1.66 0. 03

Fam |y Eurycercinae
Canpt ocercus rectirostris 0.22 0. 08 <0.01
Eurycercus | anel | atus 0.16 - <0.01
Monospi | us di spar 0.34 0. 85 0.02
Fam |y Leptodori dae
Lept odora kindtii 2.40 16. 65 0.24
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Fam |y Macrothrici dae
Il yocryptus spp.
Macr ot hri x spp.

Fam |y Sidi dae
Di aphanosoma spp.
Sida Crystallina

Order Branchiura
Subor der Argul oi da
Subor der Cycl opoi da
Subor der Har pati coi da

Order Eucopepoda
Subor der Cal anoi da

Order Mysi dacea
Fam |y Mysi dae
Neonysi s nercedi s
Or der Podocopa
Cl ass Insecta
Order Col | enbol a
Order Diptera
Order Ephenoptera
Order Hem ptera
Order Honoptera
Order Hynenoptera
Order GOdanat a
Order Trichoptera
Phyl um Coel ent erat a
Cl ass Hydrozoa

Order Hydroi da
Fam |y Hydri dae

Hydra spp.

Phyl um Nemat oda
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.01
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<0.01

<0.01

<0.01
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Phyl um Rot i f er a* 201. 14
Phyl um Tar di gr ada 0. 56
Daphni a spp. abundance 279. 64

Total crustacean
zoopl ankt on abundance 954. 90

758. 63 12. 33

0.15 <0.01

1287. 84 20. 66

5353. 27

* The size of our mesh (153 un) may have underesti mated the

actual abundance of Rotifers.
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Figure 2. — Seasonal changes in mean Daphnia spp. abundance

and nean Bosm na |longirostris abundance from McNary
Reservoir of the Colunbia River, 1994-1996. Mean Daphni a
spp. abundance is represented by solid circles and |ines
and nmean Bosm na |ongirostris abundance is represented by
open circles and broken |ines.
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early Cctober in John Day Reservoir (Figure 3). Daphnia spp.
abundance peaked in early August when Bosm na longirostris
nunbers were seasonally | ow. Daphnia spp. abundance peaks
generally coincided with peak total zooplankton abundance and
seasonal lows in Bosmna |ongirostris abundance.

Mean Daphnia spp. size from sanpl e periods ranged fromO0. 70
to 1.04 mmin McNary Reservoir (individual size ranged fromO.4
to 2.3 M) and fromO0.54 to 0.98 mmin John Day Reservoir
(i ndividual size ranged from0.3 to 2.2 nm. Seasonal trends in
mean Daphnia spp. length from sanple periods indicated a
reduction in Daphnia spp. nmean size in John Day Reservoir in md
to late sunmer in all years (Table 2). In McNary Reservoir
| ar ger bodi ed Daphnia spp. were significantly nore abundant in
1994 than in 1995 or 1996 (ANOVA, P < 0.001)(Table 3). Qur
anal ysis of Daphnia spp. size in MNary Reservoir reveal ed a
significant interaction between collection depth and diel period
(ANOVA, P = 0.002). After separately anal yzi ng mean Daphni a spp
size fromboth our shall ow and deep tows during both day and
night, results indicated that in the top 0.5 mof the water
columm, | arger bodi ed Daphnia spp. were nore abundant at night
than during the day (ANOVA, P < 0.001). In John Day Reservoir
| ar ger Daphni a spp. were nore abundant at night than during the
day in all tows (ANOVA, P < 0.001). Qur analysis in John Day
Reservoir also indicated that diel differences accounted for the
greatest anount of variation in Daphnia spp. size (ANOVA, F =
20. 85) .

Al t hough our sanpling design targeted crustacean
zoopl ankt on, we al so encount ered non-zoopl ankton taxa in our
coll ections. W coll ected Neonysis nercedis and Corophi um spp.
in our sanples, both of which are typically estuarine
i nvertebrates. The nysid, Neonysis nmercedis, was present in 21%
of night tows, but only 3% of daytinme tows and its abundance
ranged to 54.2'm3. Corophium spp. were only detected in snal
nunbers. W al so collected small nunbers of aquatic insects,
predom nately larval fornms of Dipterans (primarily
Chi roni m dae) .

Tenporal dynam cs

Seasonal patterns in crustacean zoopl ankt on abundance and
Daphni a spp. biomass were simlar for both reservoirs. Mean
dai |y crustacean zoopl ankton abundance ranged from 204.8 m? to
3,354.3m® in McNary Reservoir (Figure 4D) and from 179.5m?3 to
39,039.5m? in John Day Reservoir (Figure 5D). Mean daily
Daphni a spp. biomass ranged from< 0.01 gm® to 0.49 gm? in
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Figure 3. — Seasonal changes in nean Daphnia spp. abundance
and mean Bosm na | ongirostris abundance from John Day
Reservoir of the Columbia River, 1994-1996. Mean Daphni a
spp. abundance is represented by solid circles and |ines
and mean Bosnina |longirostris abundance is represented by
open circles and broken lines.
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Table 2.-Mean | ength, standard error, and nunber of Daphnia
spp. neasured for each sanpling period in McNary and John
Day reservoirs.

Sanpl i ng Mean Daphni a Nunber St andar d
peri od spp. length (mm (N) error

McNary Reservoir

1994

6/ 14 0. 80 76 0. 039
6/ 21-6/ 23 0. 96 472 0. 015
6/ 28- 6/ 30 0.93 1381 0. 008
717 0. 98 517 0.017
7/ 14 0. 96 1580 0. 009
71 26-71 27 0.99 853 0. 013
8/ 2-8/3 1.04 1241 0.012
1995

6/ 14 0.72 138 0. 022
6/ 26- 6/ 28 0.84 318 0. 017
7/15-7/7 0.84 703 0. 013
7/ 10-7/ 11 0.83 225 0.021
1996

6/ 20- 6/ 25 0.70 69 0. 033
7/10-7/ 11 0.81 165 0. 024
71 22-7/ 25 1.00 505 0. 015
8/ 29 0.82 372 0.014
10/ 9-10/ 10 0.83 300 0.011

John Day Reservoir

1994

8/ 4 0. 87 767 0.012
8/ 10 0.92 1690 0. 009
8/ 23-8/ 25 0.83 3148 0. 004
9/6-9/9 0.70 1825 0. 005
9/ 26-9/ 29 0. 65 109 0. 015
10/ 17-10/ 20 0. 67 7 0. 109
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11/8-11/9

1995
7/17-7/19
8/ 16

8/ 21-8/23
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. 85
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. 81
.70
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.54
. 58
. 82

. 86
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.75
.78
.62

15

164
911
501
82
83
15

12

112
1457
570
37
33

0. 103

0. 013
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oNeoloNoNoNe)

. 009
. 014
. 035
. 025
. 013
. 100
. 081

. 032
. 008
. 009
. 044
. 056
. 039
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Table 3.-Significant results of four-way analysis of variance
for selected zoopl ankton paranmeters in McNary and John Day
reservoirs of the Colunbia R ver from 1994-1996.

Degr ees of
Par anmet er Sour ce Freedom F P val ue

McNary Reservoir

Crust acean Year 2 26. 03 0. 000

zoopl ankt on Locati on 1 17.77 0. 000

abundance(Logip) Depth 2 4. 88 0. 028

Daphni a spp. Year 2 11. 35 0. 020

bi omass(Logio)

Daphni a spp. Year 2 14. 75 0. 000

| ength D el 1 5.55 0.017

John Day Reservoir
Crust acean Year 2 60. 23 0. 000

zoopl ankt on
abundance( Logio)

Daphni a spp. Year 2 12.72 0. 000
bi omass(Logio)

Daphni a spp. Di el 1 20. 85 0. 000
| engt h
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Figure 4. — Seasonal changes in A nean daily discharge
(m*sY), B. water tenperature (°C), C. percent subyearling
chi nook sal non passage i ndex, D. nean total zoopl ankton
abundance (#m?®, and E. Daphnia spp. biomass (g m?® from
McNary Reservoir of the Colunbia River, 1994-1996.
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Figure 5. — Seasonal changes in A. nean daily discharge
(ms™!), B. water tenperature (°C), C. percent subyearling
chi nook sal non passage index, D. mean total zoopl ankton
abundance (# m?®, and E. Daphnia spp. bionmass (g m®from
John Day Reservoir of the Colunbia River, 1994-1996.
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McNary Reservoir (Figure 4E) and fromO gm3to 3.2 gm?®in John
Day Reservoir (Figure 5E). In McNary Reservoir, zooplankton and
Daphni a spp. biomass exhi bited seasonal peaks in early July and
in early August. Peaks in early July coincided with the

outm gration of subyearling chinook sal non. Peaks in early
August occurred at the tail end of the outmgration (Figure 40C).
In John Day Reservoir, zoopl ankton abundance and Daphni a spp.

bi omass exhi bited one seasonal peak in md to |ate August. This
peak generally occurred after the outm gration of subyearling
chi nook sal non (Figure 5C)

Yearly differences accounted for the greatest anount of
variation in total zoopl ankton abundance and Daphni a spp.
bi omass in both reservoirs. Yearly differences al so accounted
for the greatest anount of variation in Daphnia spp. size in
McNary Reservoir. In all cases where yearly differences were
significant, nmean abundance, biomass, and |l ength were greater in
1994 (SNK test, P < 0.05), coinciding wth higher water
tenperature and | ower discharge.

Seasonal trends in environnmental variables generally
i ndi cated higher river flows in late spring and early sumrer and
hi gher water tenperatures in md to |ate sumrer (Figures 4A, 4B
5A, and 5B). Over the 3-year sanpling period, we collected 167
vertical tenperature profiles fromMNary Reservoir and 56 from
John Day Reservoir. Sixty-six percent of the profiles in MNary
Reservoir in 1994 had a greater than 2°C difference between
surface and bottomtenperatures. O the 171 profiles in 1995 and
1996, only four exhibited greater than a 2°C degree difference.
The greatest variation in vertical tenperature difference
occurred in McNary Reservoir in 1994, when nean nonthly flows
were the | owest of the three years.

Seasonal increases in abundance of all the nmjor
zoopl ankton taxa, except rotifers, coincided with increased
wat er tenperature and decreased di scharge in both reservoirs
(Table 4). In McNary Reservoir, Daphnia spp. abundance was the
nost highly correlated with water tenperature (positive
correlation, r = 0.56, P = 0.001) and di scharge (negative
correlation, r = -0.54, P =0.001). In John Day Reservoir,
cycl opoi d copepod abundance was nost highly correlated with
wat er tenperature (positive correlation, r = 0.51, P = 0.000)
and di scharge (negative correlation, r = -0.40, P = 0.004).

123



Table 4.-Correlations, r, of major zooplankton taxa with
tenperature and di scharge in McNary and John Day reservoirs of
t he Col unbi a River.

Tenper at ure Di schar ge

r (P val ue) r (P val ue)

McNary Reservoir

Tot al zoopl ankt on abundance 0. 49(0.003) -0.53(0.001)
Daphni a spp. abundance 0. 55(0. 001) -0.54(0.001)
Bosmi na | ogirostris abundance 0.17(0. 334) -0.17(0. 340)
Cycl opoi d Copepod abundance 0.31(0.070) -0.37(0.027)
Cal anoi d Copepod abundance 0. 07(0. 708) - 0. 35(0.039)
Rot i f er abundance 0.01(0.972) 0. 22(0. 206)

John Day Reservoir

Tot al zoopl ankt on abundance
Daphni a spp. abundance

Bosmi na | ogirostris abundance
Cycl opoi d Copepod abundance
Cal anoi d Copepod abundance
Roti f er abundance

.39(0.006)  -0.40(0.004)
.32(0.025)  —0.21(0. 146)
.09(0.525)  -0.29(0.045)
.51(0.000)  -0.40(0.004)
.32(0.024)  -0.11(0. 453)
.21(0.146)  -0.21(0. 143)

oNololNoNeNe)
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Spati al dynam cs

Crust acean zoopl ankt on was nore abundant in nearshore areas
(ANOVA, P = 0.000) and higher in the water colum (ANOVA, P =
0.028) in McNary Reservoir. W did not detect any significant
spatial variation for total crustacean zoopl ankt on abundance in
John Day Reservoir. W did not detect any spatial variation for
Daphni a spp. size or bionmass in either reservoir (ANOVA, P >
0. 05).

Al t hough not a primary objective of our study, we detected
greater nean abundance of all major taxa in John Day Reservoir
(RKm 390) than in McNary Reservoir (RKm 510) fromthree periods
where we sanpl ed both reservoirs concurrently (Figure 6).

Di scussi on

Zoopl ankt on popul ations in large riverine reservoirs are
strongly influenced by physical factors. Reservoirs with | ow
retention tinmes such as those on the nmainstem Col unbia Ri ver nmay
favor small er-bodi ed zoopl ankters, which generally have shorter
generation tinmes. The dom nant taxa in our study of McNary and
John Day reservoirs were Bosm na spp., copepods, rotifers, and
smal | er Daphni a spp. These findings are consistent with those
fromother rivers wwth [owretention tines such as the Orinoco
Ri ver, Venezuela (Saunders and Lewis 1989), the Onhio River (Pace
et al. 1992), and the Hudson River (Thorp et al. 1994).

Physical factors may be responsible for the | ack of cross-
sectional and vertical tenperature variation that we observed.
The low retention tinmes of mddle and | ower Col unbia R ver
reservoirs are primarily responsible for the absence of thernal
stratification within the water colum. However, our results
indicate that during lowflow years, surface warm ng and
stronger vertical tenperature gradi ents devel op.

G eater nearshore or littoral crustacean zoopl ankton
abundance in McNary Reservoir may be the result of higher
retention of zooplankton in | ower water velocity habitats. The
Ohi o River exhibited greater nean annual abundances of
cl adocerans and copepods in littoral areas during the sunmer
(Thorp et al. 1994). Hi gh w nds, seasonally common to our study
area in John Day Reservoir, may create enough turbulence to
further mx the water. In nost reservoirs, wind is the primary
force that invokes m xing (Marzolf 1990). The |l ack of cross-
sectional variation in John Day Reservoir may be sonmewhat
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Figure 6. — Mean abundance (#m?® with standard error bars

in McNary (RKm 510) and John Day (RKm 389) reservoirs of
the Col unbia Ri ver when sanples were collected concurrently
(July, August, and Cctober, 1996). BOVA, DAPH, CYCP, CACP,
and ROTR = abundance of Bosmina longirostris, Daphnia spp.
Cycl opoi d Copepods, Cal anoi d Copepods, and Rotifers,
respectively.
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attributable to our study design because we did not sanple in
water less than 3 min depth (5 mdepth in 1995 and 1996). Due
to the nature of our sanpling design, we did not sanple
tributary and backwater popul ations that nmay have exhibited
greater abundance than nmai nstem sanpling |ocations.

In the upper reaches of rivers, river flowis too high to
allow for the establishnent of zooplankton in main channel
areas, because zoopl ankton decreases due to downstream transport
are greater than production in a given area (Hynes 1970).
Decreased fl ows and sedi nentation in backwater areas nmay all ow
for the establishnent of zoopl ankton communities, which can be
advected into the main channel. These occurrences my be
magni fied i n backwater areas of the lower river where flows are
| ow enough for the establishment of popul ati ons of zoopl ankt on
in the mainstem portion of the river.

Saunders and Lewis (1989) found significant downstream
i ncreases in copepod and Bosm na abundance in mai nstem habitats
that could not be attributed to tributary inputs and transitory
reproduction in the Orinoco River, Venezuela. This indicated
t hat zoopl ankters were originating fromareas within the
mai nstem |t may be possible for downstreamincreases in
zoopl ankton to occur above and beyond tributary or backwater
i nputs. We believe that mai nstem zoopl ankt on abundance in MNary
and John Day reservoirs is determ ned by both advection from
backwat er areas and by mai nstem producti on.

According to the river discontinuity concept devel oped by
Ward and Stanford (1983), high danms have the effect of resetting
the biotic community to that of a | ower order river. Application
of this theory to the Colunbia R ver suggests that MNary and
John Day reservoirs exhibit |ongitudi nal abundance i ncreases
fromtailrace to forebay, however differences between reservoirs
woul d be dependent on the retention tinme of each. Zoopl ankton
abundance in McNary Reservoir is highest in forebay reaches and
| omwest in riverine reaches (Rondorf et al. 1990).

The conposition of cladoceran zoopl ankton taxa in our study
was simlar to that described for McNary Reservoir by Scarol a
(1968) and the Hanford Reach of the Colunbia River (Neitzel et
al . 1982). Qur study found six species of Daphnia, w th Daphnia
retrocurva and Daphni a gal eat a- nendot ae bei ng t he nost abundant,
both of which are reported in the literature of Colunbia R ver
zoopl ankton (Scarola 1968; Rondorf et al. 1990). Daphni a rosea
was reported in the upper Colunbia by Beckman et al. (1985).
Daphni a pul ex, Daphni a parvul a, and Daphni a schodleri were
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reported in the | ower Snake R ver by Harris (1979). W did not
docunent the presence of Daphnia m ddendorffiana as reported by
Neitzel et al. (1982) in the Hanford Reach. These di screpancies
may be due in part to the seasonal differences in Daphnia

nor phol ogy and hybri di zati on bet ween speci es (Pennak 1989). W
found no other nention of Canptocercus rectirostris or Mina
spp. collected in these areas.

Seasonal abundance patterns exhibited by Bosm na
| ongirostris and Daphnia spp. in our study were simlar to those
shown in other studies. Bosmina |longirostris abundance
typically is binbdal with peaks in early sumer and early
autum. Daphnia retrocurva, the primry Daphnid specie in our
study, typically has one seasonal naxi num when water tenperature
exceeds 20°C, while Daphnia gal eata nendot ae has two seasonal
maxi ma (Wetzel 1983). The Daphni d specie available to
subyearling chinook salnon in our study area is predom nately
Daphni a gal eata nendot ae. The abundance of Bosm na longirostris
is usually controlled by the abundance of flagell ated al gae,
wher eas Daphni a spp. abundance may be influenced by predation
because of their |arger size.

W collected two estuarine invertebrates, Corophium spp.
and Neonysis nercedis, in both McNary and John Day reservoirs.
Both invertebrates are typically estuarine but have becone
established in Colunbia and Snake river reservoirs. Corophium
sal noni s and Corophi um spinicorne are inportant food resources
of juvenile salnmonids in Lower Granite Reservoir of the Snake
River (Miuir and Col ey 1996), the Bonneville Pool (Miir and Emret
1988), and the lower Colunbia River (Kirn et al. 1986). Unlike
Cor ophi um spp., Neonysis nercedis is not an inportant food
source of juvenile salnonids and may be | argely unavail abl e as
prey due to its diel mgration within the water colum. Al though
nysi ds have had | arge-scale inpacts on food web interactions in
ot her systens, little is known about the possible effects of
Neonysi s nercedis on food webs in the Colunbia River and their
inplications for sal nonid stocks.

Seasonal variability in water tenperature and di scharge
i nfl uences the nunber of Daphnia spp. available to fishes in the
Col unmbi a River. Tenperature and di scharge patterns in mainstem
Col unmbi a Ri ver inpoundnents favor planktivores in md to late
summer when zoopl ankt on abundance is at a maxi mum A reduction
in cladoceran body size may be an indication of plankivory
(Brooks and Dodson 1965). In John Day Reservoir, juvenile
Anerican shad (Al osa sapidissinma) were the nost abundant fish
collected in md-water traw s conducted during August and
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Sept enber, 1994-1996 (Haskell, U.S. Geol ogical Survey
unpubl i shed data), and second only to cottids as |arvae from
June- Aug (Gadonski and Barfoot 1997). Juvenile Anerican shad nmay
be responsible for the decline in Daphnia spp. abundance and

si ze during August and Septenber. Because subyearling chi nook
salnon are at |east partially planktivorous during this tine
period (Rondorf et al. 1990), interactions between juvenile

chi nook sal non and American shad for food resources nay warrant
further investigation. Although we identified the role of water
tenperature and di scharge in zoopl ankton dynam cs, we did not
explore the role of juvenile Anerican shad and juvenil e chinook
sal non pl anktivory.
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